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This thesis describes an investigation into a technique for converting the energy 
available at low head (2m) hydro sites into an air flow that could be used to generate 
electricity. After giving a rationale for the uses of this design at the many available sites 
in the U.K., a brief history of the development of water power and of the more recent 
research into this process is outlined.
The investigation focused on the equipment employed in using a water siphon to induce 
air flow. The testing of various aerator configurations in a full scale laboratory 
experiment is described, and the difficulties encountered in the two phase flow that 
occurs in the process are examined. The on- site experiment at the Yorkshire Treatment 
Plant that is discussed, proved that this siphon system was robust and reliable.
The laboratory experiment (with restrictions of space availability) results show that 
more than 30% of the energy available at such sites can be converted into a form of air 
flow energy. While this is a slight improvement over the previous work done in the field 
it must be noted that the highest power output of 460 Watts occurred at 32.3% 
efficiency in the high siphon. Suggestions of improvement on aerator design that could 
increase more power output and efficiency are given, while recognizing that there will 
be some further losses of energy when the system is used to generate electricity. The 
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This chapter describes the background, the aims and objectives of the research, and the 
methodology used.
1.1 Background and Rationale
Renewable energy is an integral part of government strategy to tackle climate change in 
order to reduce carbon emissions, as well as to ensure the provision of energy that is 
clean and affordable. In March 2007 the European Council agreed to a binding target of 
20% of renewable energies in overall EU consumption by 2020 (Arnott, 2010).
The following paragraphs describe the forecasted energy demand resources, up to 2035, 
extracted from World Energy Outlook Factsheets 2010 and 2011 (OECD/IEA, 2010, 2011).
Between 2008 and 2035, the yearly average of the world primary energy demand will 
increase, and oil will remain the dominant fuel. Coal will continue to be the second 
largest energy source with a total reserve of 1 trillion tonnes. This can supply energy for 
another 150 years.
However, the ongoing Middle East crisis, the unstable situations in Arab countries, and 
the giant Chinese booming economy have resulted in high and continuously changing oil 
prices. These factors will force the government into seeking alternative energy sources 
in order to replace oil, possibly with nuclear power or renewable sources.
1
Chapter 1 1ntroduction
The Outlook Factsheets (OECD/IEA, 2010, 2011), cited above, stated that the world 
nuclear power generation led by China, Korea and India, and more recently by Iran 
(which has caused controversy and political tension with Israel) will grow up to 70% from 
the 2008 nuclear power. The tragedy of Fukushima Daiichi nuclear disaster has made 
people think that nuclear energy is not one hundred percent safe, and that to operate 
current and new nuclear power plants will cost more due to the increased requirements 
for safety.
Lord Turner, the chairman of the independent Committee on Climate Change (CCC) 
stated that ‘meeting the 20% share of renewable energy target in the UK by 2020 
requires a step change in the rate of progress and entails significant delivery risks, 
which should be addressed as a matter of urgency\  (Arnott, 2010)
Thus, renewable energy will have an important role in any future choices to meet the 
continuously growing energy demand.
The following paragraphs show the reasons why we have to look at renewable energy as
an alternative energy source in the future to replace oil and coal.
1. To build nuclear power stations is extremely expensive and the companies which 
build and operate nuclear power plants have to cover the costs of waste 
management and of ultimately decommissioning the existing sites.
As an example, it is estimated that to build The Olkiluoto project, Western Europe's
first new reactor, will cost £2.25b. In comparison, the cost of building a gas-fired
2
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power station by RWE npower in the UK is approximately £800m, almost one-third of 
the cost of a nuclear power plant (BBC News, Jan 2008).
2. To keep using oil and coal as energy sources will put the world on unsustainable 
energy paths, as well as cause continuously increasing oil prices, carbon emissions, 
and more global warming.
3. Even though coal will be abundant for over one hundred years, it causes pollution 
and results in secondary, hidden long-term adverse effects on health conditions in 
the community surrounding the plant. This will burden the NHS with extra costs.
4. The constant population growth will increase energy consumption.
Therefore, water companies in partnership with research centres and universities have 
good incentives to take an active role in developing renewable energy, especially 
hydropower that is available to them. (Joule Centre, 2008).
Thus to meet the target of 20% renewable energy by 2020, the binding agreement set by 
the European Council, it will be necessary to explore and develop new renewable energy 
technologies.
In the UK wind is the most potential renewable source, followed by small-scale hydro 
power (DECC, 2007). Wind energy development has been occurring since the 1970s and is 
close to reaching its full potential. In 2011, offshore and onshore wind energy in the UK 
contributed about an average of 4300 MW of electricity. (RenewableUK, 2012).
3
Chapter 1 Introduction
Even though small-scale hydro power is the second most potential renewable source, 
this technology has not yet been developed. Therefore, more research and development 
is needed in this area.
1.1.1 Hydro power potential in the UK
It is estimated that 400MW of potential hydro power exists in the UK that has not been 
exploited. Approximately 100MW is generated by existing small hydro plants which are 
spread over 120 sites, most of them concentrated in Scotland and Wales. However, 
there are thousands of small low-head potential sites in England. These could generate 
over 10 MW of electricity. (Paish, 2002).
Figure 1.1 Map of potential hydro power sites in the UK
(Source: Friend o f the Earth, 2012)
Table 1.1 shows the locations of low head potential hydro power sites in the North West 
of England. These were studied by Salford University (1989). They were not considered 
for further study because their power generation potential was less than 25 kW. In many 
cases the hydraulic head available was less than 2 m.
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Table 1.1 Potential power sites in the NW of England selected for further study
River Location Town Potential Head (estimate)
River Kent Scroggs Farm Staveley < 25 kW
Oak Mill Burnside < 25 kW 2-3 m
Kentmere Staveley 25 kW
Heslington Mills Kendal < 2 m
Low Sizergh Mill Kendal < 2 m
River Lune Broad Raine Mill High Oaks < 25 kW 2-3 m
Killington New High Oaks < 2 m
Weir 1 Halton < 2 m
Weir 2 Halton < 2 m
River Mint Patton Bridge Patton Bridge < 25 kW
Weir Kendal < 2 m
(Source: extracted  from  Salford University Civil Engineering Ltd report, 1989)
From the above table, we can see that even though some locations have an estimated 
head of less than 2 m, they still have the potential to be developed. As an example one 
on the River Lune in Halton, Weir 1, has sufficient water flow throughout the year to 
warrant further study. A recent study by Fishtek Consulting Ltd. (2012) showed that at 
Weir 1. The mean discharge was 36.9 m3/s. The proposed hydro scheme by Halton Lune 
Hydro plans to install two Kaplan turbines that will generate 160 kW electricity. These 
will use only one third of the mean flow, i.e. approximately 12 m3/s to generate this 
power.
Some locations such as Oak Mill in Burneside and Broad Raine Mill in High Oaks have 2-3 
m of head available and are therefore suitable to be considered for further study.
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Paish and others have stated that the existing low head hydro plants using conventional 
water turbines are not considered to be economical and eco-friendly. (Wiemann et al, 
2006; Paish, 2002; Date and Akhbarzadeh, 2009). This is because in a conventional low 
head hydro, the costs for mechanical and civil works are very expensive and the blades 
of the water turbine was considered harmful for fish. Thus other means of exploiting the 
available low head potential sources are needed.
1.1.2 Electricity generation and consumption in the UK
The latest Digest of the UK Energy Statistics (DUKES) 2010 issued by DECC (July, 2011) 
reported that total electric plant capacity in the UK was 90,208 MW, of which 4,268 MW 
represented by hydro-electric stations (natural flow and pump storage), that was about 
4.7% of the total. Wind energy contributed 2,260 MW and other renewable energy 
sources contributed 1,960 MW (1093 MW).
Thus, overall renewable energy represented 8488 MW (or about 9.4% of the total electric 
capacity). This means, in order to achieve the target of 20% of renewable energy 
contribution by 2020, renewable energy will need to generate another 10.6%, that is 
9562 MW.
Therefore if the 400 MW of low head hydro power can be exploited it will contribute 
0.45% of renewable energy to the goal. While not a large amount this is still a significant 
contribution to a more sustainable energy path in the future.
Another reason why it is crucial to speed up the exploration of potential renewable 
energy available is, as the DUKE 2010 data showed, that the total electricity demand in
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2010 was 384 TWh where 1.8% or 7.1 TWh was imported. In fact the statistical data 
since 1998 showed that the amount of electrical energy the UK has been importing has 
ranged between 5 TWh and 14.5 TWh. In the last two years (2008, 2009) it dropped 
significantly to approximately half the maximum rate, i.e. to 7 TWh.
The problems mentioned above show that there is an opportunity for and a challenge to 
researchers to explore, develop, and study to find solutions using new technology that is 
green, renewable, eco-friendly and economically viable while utilizing the available 
hydro power in the UK.
One of the technologies that could be developed using a low head hydro power is the 
siphon hydro system.
1.2 Aim and Objectives of the Project
The aim of this research project is to study the siphon hydro system based on conversion 
from water to air pressure, and if possible to develop, or at least to recommend, a way 
of doing this reasonably efficiently. This is a technique of harnessing the potential 
energy in a river which is not the same as a conventional system. The research focuses 
on the assessment of the performance of three different aerator designs which were 
installed in a siphon system. Also to understand the behavior of two phase flow during 
the aeration process that might affect on the performance of the aerators.
It was conducted using a laboratory investigation and a field experiment. The aim was to 
improve the siphon system to a level where it is a practical and economically viable
7
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technology, i.e. the overall capital cost is less than the conventional system cost, and to 
make a system that is easy to operate and maintain, and is eco-friendly.
Low head hydro plant using the siphon system is different from conventional low head 
hydro systems. The conventional system uses a water turbine to generate power, 
whereas this siphon system uses an air turbine to generate power. This is achieved by 
introducing air into the siphon, using the fact that at its highest point the water pressure 
in the siphon is less than atmospheric pressure. Thus at the top of the vertical down 
shaft of the siphon (See Figure 1-2), air at atmospheric pressure w ill enter the siphon. 
The continuous water flow carries the entering air away and allows more air to be drawn 
in thus allowing an air turbine to operate continuously.
Figure 1.2 Siphon systems with aeration
(Ha= driving head, S=siphon, A= aerator, G=Generator, T=air turbine, W = weir, yA= vertical height of
down leg)
1.3 Research Methods




Three different types of aerators were tested, then some modified aerators were made 
and tested in both the laboratory and on site.
1.3.1 Laboratory experiments
They involved:
Developing and building a siphon system rig for laboratory scale experiments; 
Investigating the performance of various types of aerators;
Conducting a separate experiment on a single hole aerator;
Observing the aeration process in the siphon systems.
1.3.2 Field experimentation
This encompassed
Finding a potential site to conduct a field experiment on a siphon system;
- Installing the siphon rig on site;
- Conducting tests to monitor, record and measure the siphon’s performance;
- Measuring the power generated.
1.3.3 Overview
An experimental rig was designed and built in the laboratory to be able to simulate the 
run-of-river condition with a weir (hydraulic structure) where a siphon can be installed 
over it. This was completed by some measuring devices that allow measurement of 
various water and air flow rates, and also measurement of the air pressure in the siphon. 
The rig can also be modified or partly dismantled to change the aerator, and to run the 




There are 8 chapters in the thesis, and described into 4 areas i.e. i) Introduction and 
studies of literature review on previous works (Chapter 1 and Chapter 2) ; ii) Rig 
development and head losses analysis in the pipe system (Chapter 3 and Chapter 4); iii) 
Experimental work and results (Chapter 5, Chapter 6 and Chapter 7); iv) Conclusions and 
recommendations for further work (Chapter 8).
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Chapter 2 
Reviews of previous studies
2.1 Introduction
This chapter discusses low head hydro power and gives a brief overview of conventional 
low head hydro power plus current developments and technology. It also contains 
reviews of previous work on the conversion of water energy to air flow for the use in air 
turbines. It also describes some characteristics of the two phase flow that occurs in this 
process especially void fraction, drift velocity and flow patterns. In particular the focus 
is on the downward flow in vertical pipes.
2.1.1 Small hydro power
By definition, a river site can be classified as a low head hydropower one if the 
difference in the water levels that occur upstream and downstream of a weir or any 
natural drop is less than 10m (as defined by BHA, 2005) or, less than 15 m (Dragu and 
Sels, 2002; Tung et al, 2006 ).
If the head between such locations ranges from 15 m to 100 m it is classified as a 
medium hydro power site. Above 100 m it is classified as a high head hydro power site.
Using the amount of power that can be generated, the hydro power plants located at 
the low head sites are categorized into three groups; Small hydro plants (2 MW-5 MW), 
Mini hydro plants (500 kW-2 MW), Micro hydro plants (less than 500 kW) and Pico hydro
11
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plants (less than 10 kW). (Kirk, 1999; Paish, 2002). Most of the power plants at low head 
sites fit into the small hydro category, generating less than 5 MW.
The classification given above is not universal. China defines small hydro plants as 
ranging from 0.5 MW to 25 MW. France defines micro hydro as being from 0.5 MW to 5 
MW, whilst India classifies them as ranging from 2001 kW to 25 MW, and Mini hydro from 
101 kW to 2 MW, Micro hydro up to 100kW. (Kirk, 1999, Das and Bhati 2010).
Small hydro power plants contribute 40 GW to world power generation, 50 % of this 
comes from low head plants that are costly to install. (Paish, 2002). To maximize the 
amount of energy captured at such sites it would be necessary to install a larger 
diameter turbine, a costly undertaking that would not be economic. It may also affect 
the passage of fish migrating upstream and be against Environment Agency policy.
Thus, a different type of hydro power plant is needed. The siphon system provides one 
alternative approach. Details about siphon systems with aeration are discussed in 
Chapter 3.
2.2 Low-head Hydro power potential in the UK
There are a lot of existing weirs and natural drop sites in the rivers which are potential 
to be developed as low head hydro power resource. Study in East of England showed that 
there are about 525 sites of various old mills and weir which have potential to produce 
13 MW electricity (DECC, 2010).
12
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The recent report from the Environment Agency (2011) identified that there are about 
26000 barriers in the UK in the form of weirs, other man-made structures and natural 
sites which could be used to generate power. Over 4000 sites were identified as suitable 
for small hydro schemes, potentially generating 580 MW. Most of these sites were found 
in the Severn, Thames, Aire and Neath river catchments.
As 50% of the above sites are considered to be in high sensitivity areas for fish 
movement, especially salmon and eel, a design which allows fish passage and a fish 
friendly environment is required. The siphon system is a technology choice that fits 
these requirements.
Between May 1987 and October 1988, Salford University Civil Engineering Limited 
conducted a study on the economic potential for small scale hydro electric generation in 
the UK. Of these 203 locations in the North West and 174 in Yorkshire were rejected for 
further study because they were too small, the estimated generation being less than 25 
kW of electricity, or having a potential head drop of less than 2 m. The study was 
carried out more than 20 years ago. Now, due to greater demand for electricity and new 
technological developments the opportunity for local communities to initiate hydro 
power projects may be possible. Thus further studies to establish the feasibility of using 
these sites is warranted.
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2.3 Technology Development of Conventional Low- 
head Hydro Power
The use of large hydro power systems is well established; low head hydro needs to be 
developed to achieve high efficiency and be economically viable. Normally low head 
hydro sites are not at locations where there is water storage, where the water flow rate 
is low and the water level fluctuates with the seasons. These sites are not suitable for 
conventional hydro schemes. Some examples of low head technology already available or 
being installed on such sites are discussed below.
Water wheels have been used since the industrial revolution with low efficiency. Today, 
a lot of water wheels are made using new technology, which can reach 75-89% 
efficiency. (Muller, 2003).
Still at the early stage of development, The Beck Mickle Company near to Kendal has 
designed a mini water wheel which can utilise a water fall as litt le  as 8 inches high (see 








Beck Mickle mini 
water wheel
rigure 2-1 Water Wheel
(Source: waterwheelfactory.com; coenersydiy.com; theherald.co.uk; picoenergy.co.uk)
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Another conventional system that was also not new in principle but functionally changes 
in the usage is the Archimedes screw (see Figure 2-2). It has been used for centuries to 
lif t  water from rivers for irrigation, but now a days it  is used to generate electricity. To 
construct an Archimedes screw requires considerable civil work. It can operate 
efficiently on heads that range between 1 m and 8 m. The smallest screw is 1 m in 
diameter and uses a flow rate of 250 l/s. It is not economically viable at heads of less 
than 1.5 m. (Renewable First, 2012)
Muller and Kauppert (2002) reviewed the latest development of water wheels and 
Archimedes screws in Germany. They reported that an Archimedes screw with a 
maximum flow rate of 3.5 m3/s reached its optimum operation when the angle to the 
horizontal was 30°. It achieved 70% efficiency when the flow rate was 40% of the 
maximum flow, and 80% with flow rates of 60 - 100% of the maximum flow.
Figure 2-2 Archimedes Screw
(Sources: westernrenew.co.uk; Scotland.sov.uk)
Archimedes screw in River Bain 
Bainbridge North Yorkshire
Archimedes Screw in River Dart 
National Park
Another conventional system is using a water turbine. It can be found in two types i.e.
impulse turbines and reaction turbines. The same as Archimedes Screw, the water
15
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turbine also needs a considerable amount of civil and mechanical work for installation. 
Therefore it is not economical. Besides, the highest efficiency only occurs at its 
maximum flow and it  reduces when the flow is less than maximum flow.
Pelton, Crossflow or Ossberger are examples of Impulse turbines. Francis and Kaplan 
turbines are examples of reaction turbine. Kaplan turbines with regulated guide vanes 
achieve up to 90% efficiency at 70% of maximum flow, and drop to 75% efficiency at 20% 
of maximum flow.
Figure 2-3 Impulse turbine









Impulse turbines produce power by jetting a fluid flow through a nozzle hitting the 
vanes of a turbine wheel (or runner) one at a time. (Crow, 2001) They operate in air, 
(see Fig. 2.3).
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In reaction turbines the fluid flow is under pressure and fills the chamber where the 
impeller is located (Crow et al, 2001). Water flows through a volute casing, the flow 
cross section of the casing decreasing, with guide vanes directing the water onto the 
runner blades, (see Fig.2.4). The rotor of the reaction turbine is submerged in the water 










Figure 2-4 Reaction turbine
(Source: tradeboss.com; renewablesfirst.co.uk; newmillshydro.com; roymech.co.uk )
Vanes
Turb ine B lades
Kaplan turbines can operate in low head situations ranging from 3 m to 10 m and with 
flow rates from less than 0.5 m3/s to 20 m3/s. Cross flow turbines can operate with 3 m 
to above 10 m head and in flows ranging from 0.5 m3/s to 5 m3/s. See Figure 2.5.
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1 0 - Propeller turbine 
or Kaplan
Figure 2-5 Head-flow ranges of small hydro turbines
(Source: british-hydro.org)
Kaplan turbines with regulated guide vanes achieve up to 90% efficiency at 70% of 
maximum flow, and drop to 75% efficiency at 20% of maximum flow.
Thus water turbines can reach efficiencies (90%) higher than water wheels and 
Archimedes screws at maximum flow. At one fifth  of the maximum flow rate their 
efficiency drops down to 75%, is about the same as Archimedes screws and water wheels 
operating at their maximum flow.
The above technologies are classified as conventional systems and require major 
construction work.
Other technologies developed as a result of tidal power research include the Gorlov- 
Turbine, the Davis turbine, and the Underwater Electric Kite (UEK). Their generation 
efficiency is about 30% (Bedard in Wiemann et al, 2007).
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The Gorlov turbine is a direct flow turbine with a diameter of 1.5 m and a length of 2.5 
m. It can generate a power output of 1.5 kW, needs a minimum flow velocity of 1.5 m/s 
and has an overall efficiency of 33% (Bedard, 2005, in Wiemann et al, 2007).
The Davis turbine has a vertical axis turbine with four blades similar to hydrofoils. It is 
connected to a rotor through its centre axis to operate a generator (Blue Energy 2006 in 
Wiemann, 2007) and is predicted-to have an efficiency of 30%. (Ibid)
The UEK turbine has a propeller on a horizontal axis. It is covered by an augmenter ring 
which protects the turbine and controls the water flow in such a way to keep a low 




w ater floww ater How 
hydrofoil =  
blades
Figure 2-6 Gorlov, Davis, and UEK turbines
(Sources: Bedard, 2005, in Wiemann et al,2007)
Gorlov Turbine








2.4 Studies on Two Phase Flow
Many experiments involving two phase flow and air entrainment process have been 
conducted in Chemical Engineering, in the Mining Industry, and in Nuclear power plant
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industries. Little research on the two phase flow process in producing electricity from 
hydro head situations has occurred.
2.4.1 Flow pattern and flow regimes
There are four types of two phase flow, i.e. gas -liquid, gas-solid, liquid-liquid, and 
liquid-solid. Gas-liquid is the most complex because of the different characteristics of 
the two components; a deformable interface, and compressibility of one of the 
components. (Hetsroni, 1982).
In the case of gas-liquid there are two physical parameters that determine the flow 
pattern, i.e. surface tension and gravity. The gravity tends to pull the liquid to the 
bottom, and the surface tension tends to make the liquid form small droplets and to 
form small spherical bubbles.
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Figure 2-7. Flow pattern in vertical flow of two phase flow
(Source: V ic toria  K ippax, http: / twww. waterworld. com, 20 1 1 )t l .t/
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The geometric configurations in a vertical pipe with a two-phase flow of gas and liquid 
(the flow patterns), can be split into five common categories (Hetsroni, 1982). They are: 
(see Figure 2-7)
1) Bubbly flow - the gas bubbles are enclosed in a continuous liquid phase and are of 
relatively uniform size;
2) Plug or slug flow - the bubbles coalesce and form large bullet-shaped bubbles;
3) Churn flow - with increasing flow velocity, the motion of the liquid becomes 
oscillating in upward and downward directions;
4) Annular flow - the liquid forms a film round the wall, and the gas core may contain 
small liquid drops;
5) Wispy flow - as liquid flow rate increases the concentration of liquid drops in the 
centre of cross section increases, and they may coalesce. This is characteristic of flow 
with a high mass flux.
At a void ratio of approximately 0.3, the transition in vertical flow from bubble to slug 
starts to occur. However, if the liquid flow rate is high, large bubbles will be broken up 
into smaller ones, even at higher void ratios (Chisholm, 1983, Whalley, 1996). The 
transition between adjacent flow patterns (shown in Fig. 2.12) does not happen 
suddenly, but over a range of flow rates.
Figure 2.8 from Govier in Taitel et al, 1980, is the most widely used chart to predict 
vertical flow patterns. The borders on the chart between the flow patterns are in reality 
not lines but transition zones representing the change from one pattern to another. The
21
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chart was developed using a small smooth pipe diameter of 25.625mm, with air and 
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Figure 2-8 Superficial liquid velocity vs gas-liquid volumetric ratio
(Sources: Govier in Taitel et a l , )
The flow pattern of most interest for the research is bubbly flow. It produces greater 
pressure suction than other flow patterns (Hanser, 2005) and can thus generate more 
electricity.
2.4.2 Vertical two phase flow
Many studies have been carried out on two phase flow in horizontally and vertically 
upward flows in small diameter pipes (1 cm diameter to 5 cm). Very little research has 
been done on vertically downward two phase flow, especially in large diameter pipes 
(Kashinsky and Randin, 1999).
22
Chapter 2 Reviews from Previous Studies
Kundu et al (1995) conducted research on vertically downward, two phase flow using a
51.6 mm diameter pipe, 2.030 m long. They wanted to evaluate the gas void ratio and 
total pressure gradient. An ejector jets the water from the top of the system and mixes 
with the air in the ejector assembly and enters the down shaft (the contactor) through a 
diffuser. The upper part of the contactor was an intense mixing zone and the lower part 
had a bubbly flow pattern zone. The lower end of the contactor was submerged into a 
separator tank.
The experimental results indicated that at a low value of flow ratio (cpR), the void ratio 
(a) increases rapidly with an increase in liquid flow rate up to certain value of flow ratio 
(cpR) then remains constant. Their set-up had a nozzle diameter of 4.76 mm, and water 
flow rates ranged from 0.070 l/s to 0.340 l/s. This achieved a constant void ratio of 0.32 
at flow ratio above 0.54 (Kundu, 1995, p 899).
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Figure 2-9 Kundu experiment diagram
(M = manometer; V= valve; N = nozzle; E= ejector)
Kashinsky and Randin (1999) studied local characteristics of downward bubbly flow 
using 42.3 mm diameter pipes of 4.8 m lengths. They concluded that downward bubbly 
flow was characterized by a centrally peaked void profile. Another important finding 
was that the wall shear stress in downward bubbly flow was higher than in single phase 
flow for the same liquid velocity.
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Figure 2-10 Kashinsky and Randin experiment diagram
Hibiki et al (2004) studied the radial phase distribution pattern of void fraction in 
column diameters of 25.4 mm and 50.8 mm, and column lengths of 3.175m and 
2.7178m. In their experiment, they used a sparger unit of porous material with 10(jm 
diameter holes to produce uniform bubbles of 1-2 mm. These were injected into the 
mixing injection chamber before diffusing into the down pipe. In the same experiment, 
they also observed the radial profile of flow distribution for upward vertical flow.
Hibiki et al confirmed the Kashinky and Randin results that in downward flow, the void 
ratio profile tends to be a bell shape (with a central peak), while in vertically upward
25
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flow, it  tends to have a ‘near wall peak and/or flattened profile’ in the centre of the 
pipe (Hibiki, 2004). See Figure 2-11.
In their experiment it was also found that for fluid velocity greater than 2.01 m/s, the 
distribution of void fraction was bell shaped with a central peak.
r/R  — s- fro m  c e n trer/R  — s> fro m  c e n tre
Upward bubbly flowDownward bubbly flow
(R= column radius, r = distance from centre)
Figure 2-11. Local void fraction profile
Research was carried out by Hibiki and Ishii (2002) to observe the relation between 
void fractions and drift velocity in vertically downward flow (in 25.4 mm and 50.8 mm 
diameter pipes). The results of this experiment showed that d rift velocity decreases 
with the increase in void fraction in bubbly flow. Other studies on bubbly flow carried 
out by Liu and Kalcach-Navarro (Liu, 1989, Kalcach-Navarro, 1992, in Hibiki and Ishii, 
2002) showed similar trends.
Table 2-1 shows d rift velocity (the upward velocity of the bubbles) from some studies 
carried out by various investigators.
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Table 2-1. Values of drift velocity in bubbly flow































(z= the axial location measured from the test inlet; D= column diameter)
Source: extracted  from  Hibiki and Ishii(2002)
According to Govier (Figure 2-8), in a bubbly flow superficial liquid velocity decreases 
when void fraction increases. Superficial velocity is defined as total liquid flow rate 
divided by cross section area.
The table above indicates that the drift velocity also decreases when void fraction 
increases. It shows that the higher the fluid velocity, the higher the drift velocity. The 
above table shows that drift velocity ranges from 0.125 m/s to 0.400 m/s.
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Hibiki and Ishii (2002) reported that the drift velocity was relatively constant in slug, 
churn, and annular flow. Their experiments found that in slug flow, the drift velocity 
was 0.175 m/s in 25.4 mm pipe diameter. In 50.8 mm, the drift velocity was 0.25 m/s.
The slug flow regime gave relatively constant drift velocity in the range of 0.2 m/s to
0.25 m/s (Liu, Kalcach-Navarro, 1992; Grossetete, 1995; Serizawa et al, 1991; in Hibiki 
and Ishii, 2002).
Thus, in order to reduce the drift velocity significantly, it is important to develop a full 
bubbly flow condition. Unfortunately, this is not possible to achieve in the siphon 
system, which needs to be operating at a very high air flow rate. Chapter 5 gives more 
information on this.
Jain (1988) conducted experiments on a vortex-flow drop shaft in a 292 mm diameter 
pipe. Water from a constant head tank flows through a horizontal pipe and then enters a 
vertical drop shaft through a tangential vortex inlet. At the top of the vertical shaft a 
hole allows air to enter the drop shaft. A control valve in the horizontal pipe sets water 
discharge rates so the air-water ratios in the vertical shaft can be changed. The 
experiment showed that the air concentration increases with an increase in water 
discharge up to a maximum value after which it decreases, and also, that for a constant 
water discharge the air concentration decreases with decreasing vertical drop.
He reported that air concentration increased with an increasing water velocity. The 
circulation and the water velocity increased with increasing water discharge. However 
the increase in circulation caused a reduction in the air concentration. Thus there is an
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optimum water flow rate that achieves the maximum air concentration. The siphon 
system with aeration that was studied in this thesis was a vertically downward two phase 
flow in a 200 mm diameter pipe that was 6 m long.
Using a scheme similar to Shapiro’s HAC/GT investigation, Aissa et al (2010) conducted 
research on vertical downward two phase flow to analyse the performance of a low head 
hydraulic compressor rig. They used a small diameter pipe (25.4 mm) that varied from 
8.25 m to 8.60 m in length. The air tube length had diameters ranging from 1.4 cm to 











Figure 2-12 Schematic of Aissa HAC
Several points of their experimental findings are:
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> Mean diameter of air bubbles increases with increasing air tube diameter and 
decreasing air tube length.
>  Mean air bubble diameter decreases along the down pipe.
>  HAC efficiency increases with an increase in the air tube length.
>  The compression ratio increases with an increase in the length of the down pipe 
up to certain limit.
Majumder et al (2006) studied the bubble size distribution using 50 mm diameter of 1.60 
m pipe. This confirmed the Aissa finding that bubble size decreases along the down pipe 
length. They stated that in the intense mixing zone (upper part of the column) high rate 
of energy dissipation generates bubbles and larger bubbles are broken up into a smaller 
size bubbles due to the liquid je t momentum. They are carried downwards and 
distributed along the axis of the pipe. The larger bubble size at the upper part is a result 
of the bubbles coalescing in the bottom part and rising due to the buoyancy effect and 
accumulating in the upper part. Majumder et al also reported that bubble size decreases 
with decrease in nozzle diameters. They also found that void fraction up increases with 
increase in the gas flow rate.
2.4.3 Conclusion
The following paragraphs are a summary of the two phase flow reviews. All of the above 
studies on vertical two phase flow were conducted in small diameter pipes (less than 
100 mm) and in downward flow, except Jain (1988) which used 292 mm diameter. Most 
of the experimental studies were investigated in fully developed bubbly flow using a 
mixing chamber and diffusive ejector connected to the vertically down pipe as shown in 
Fig. 2-12.
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The water level in the upper tank was maintained at a constant head. The fluid enters 
the mixing chamber where air is injected. Some other experiments were made using a 
pumped system to inject the water into the mixing chamber. The fluid discharge into 
the mixing chamber was controlled with a valve.
Results from the above studies are:
- The distribution of void fraction was a bell shape and or centre peak in a vertical
downward flow and wall peak and flattened in the centre in an upward vertical
flow, (see Figure 2-15)
Drift velocity decreases with the increase in void fraction for bubbly flow, but 
remains relatively constant in slug, churn and annular flow.
- The bubble diameter decreases with decrease in nozzle diameters
- The bubble diameter in the lower part of the vertical down ward flow is smaller
than in the upper part because the pressure is higher in the lower part.
- In the intensive mixing zone (the top upper pipe), there were a lot of coalesced 
bubbles due to bubbles coming from the bottom part and drifting upward due to 
the effect of buoyancy.
2.5. Conversion water to air power
Another alternative way of harnessing water power is to convert water energy to air 
energy.
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The objective of water air conversion systems is to use the water head to create a 
moving column of air that can drive a turbine. The air motion is caused by either 
creating a low pressure point in the water that induces the air flow, or by compressing 
the air and forcing it through a turbine. In these processes the following terms are often 
used:
Aeration - the mixing of the air and water;
Bubble drift velocity - The air bubbles tend to drift vertically upwards rather then match 
the velocity of the water flow.
Void fraction - The ratio of the air volume to total volume of mixed air and water. The 
higher the ratio is, the more air available for the turbine operation, the optimum value 
being that with the highest efficiency.
Two phase flow - The mixture of air and water that is moving. Ideally this is 
homogeneous with the air bubbles evenly distributed throughout the water. In practice 
this rarely occurs. The flow is complex because one compound is compressible, and 
because the inter-phase between the two compounds is deformable. Various types of the 
flow are described below.
Examples of this conversion process are hydraulic air compressors, hydraulic venturis, 
and siphons using aeration.
2.5.1 Hydraulic air compressor (HAC)
The idea of obtaining compressed air from hydraulic power is not new. It was used 
extensively in the nineteenth century in large mining, lumbering and canal lock 
operations in America and Canada (Rice, 1976). It was reported that efficiencies 
between 40% and 85% were achieved in large systems.
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Hartenberg (1960) reported that a hydraulic air compressor was used in Italy as a trompe 
in a forge. Figure 2-13 shows the schematic diagram of a trompe working. Air is drawn 
into the down pipe by the water flow. It is compressed by the increase in pressure in the 
water column as it  reaches lower levels. When the column of mixed air and water 
reaches the wind box the air separates from the water. The compressed air is drawn off 
at the top of the wind box while the water is settling at the bottom. The increased air 
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Figure 2-13 The schematic trompe
Rice conducted a laboratory scale experiment with a very small diameter pipe of 19 mm 
and 0.43 m hydraulic head. Air was blown rather than induced into the down pipe 
(Fig.2.14). He achieved a maximum efficiency of 45%. Based on this experiment he
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carried out theoretical calculations using computer programming to predict the HAC 
performance in a large scale set up. He predicted that a 3.05 m diameter pipe with 

















Figure 2-14. Rice experiment diagram
Rice (1976) concluded:
1. the compressed air flow rate in the outlet pipe is determined by the air-water
ratio in the down pipe;
2. This flow rate is directly proportional to the hydraulic head and the cross
sectional area of the down pipe.
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Rice did not examine the different characteristics in flow patterns in the two phase 
flow in small diameter rather than very large diameter pipes are used. This affects 
the void fraction which is related to the efficiency achieved.
Using the same principle as described by Rice (1976), Shapiro (1994) proposed a 
Hydraulic Air Compressor/Gas Turbine (HAC/GT) to generate electricity. Preliminary 
calculation showed that for a well of 200 m depth a 90% compression efficiency can be 
reached producing a net power output of 25 MW. Shapiro also claimed that this HAC/GT 
system would be reliable and much cheaper to operate and maintain than other power 
plants. Figure 2.15 shows a HAC/GT setup.
Air Generator
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Figure 2-15 Schematic open water loop HAC/GT
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2.5.2 Siphon system using aeration
Bellamy (1986) at Coventry University conducted research and experiments to produce 
electric power from low head river sites by converting water energy to air energy. He 
tested it at Borrowash on the River Derwent.
Bellamy combined a siphon with a venturi at the high point of the siphon and called it a 
Syfogen. Air was drawn in at this point, the air flow powering a turbine. (Fig. 2-20) 
Theoretical calculation showed that the Syfogen would achieve an efficiency of 50%. The 
prototype was tested in March 1992 and reached an efficiency of 25%. The prototype was 
le ft operating until July 1993. This showed that the system was reliable and easy to 
operate. A second experiment was carried out in February 1994 after a significant 
review of the design. With 2.3 m of head it  produced 22 kW of energy, achieving 30% 
efficiency. This demonstrated that the system was feasible.
turbine
i,in c :> -





Figure 2-16 Syfogen hydro electric system
(H = hydraulic head)
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French and Widden (2001, 2004, 2005) conducted a series of experiments on converting 
water to air pressure based on pumped systems. They assumed that the process is 
isothermal and that the bubble drift velocity is constant. The first experiment in 2001 
used 2 siphon rigs, one of 2 m length and the other 4 m with pipes of 78 mm diameter. 
The void ratio was less than 0.3.
In 2004 another experiment was conducted using 150 mm diameter pipe with a pumped 
system to study the aeration process in order to reach maximum air entrapment. It 
achieved a 0.20 void ratio. In another experiment in 2005, the void ratio reached 0.23. 
This is close to what Hasan achieved. (Hasan in French and Widden, 2001). French and 
Widden (2001) stated that theoretically the overall efficiency could be above 60%. There 
was no observation of the flow patterns in their experiments.
Hanser (2005) used a pumped system to study aerator performance. He used 150 mm 
diameter pipes. Two types of the aeration process were tried in the vertical leg of the 
pipe above an aerator, one with and one without a mesh. The mesh was to create a 
bubbly flow pattern with a higher void ratio that would produce more power.
The mesh created a good mixture of water and air but caused a significant pressure loss. 
He found that with the mesh a greater void ratio could be achieved. Using a double 
mesh produced the smallest void ratio and the greatest air power. With no mesh and a 
0.9 m driving head, a 0.124 void ratio occurred with an estimated power production of
17.7 Watts. With mesh, the void ratio increased up to 0.17 and 22 Watts were produced. 
The mesh creates smaller bubbles and produces bubbly flow in the down pipe.
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Figure 2-17 Hanser’s experiment rig
(Source: Hanser, 2005)
He introduced a second tank to create a siphon system, but could only produce a low 
water flow rate because the second tank was not large enough to create a high water 
flow in the siphon. With the aerator height of approximately 2 m and a 0.9 m driving 
head, 0.1165 void ratio was reached. In unstable condition it reached 0.291.
The presence of ‘void’ caused a reduction of the pressure suction. He found that every 
10 cm drop of void in the siphon column will reduces about 1200 N/m2 (0.012 bar).
The term ‘void’ in Henser’s work was a transition region, or a bubbly flow development 
zone, i.e. a region between an intensive air stream flow pattern around the aerator and 
the bubbly flow region at the lower part of the siphon.
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It can be explained that a bubbly flow pattern could only happen in a relatively small air 
flow rate compared to the water flow rate. However, if  the air flow rate increases the 
flow pattern w ill change. In a high air flow rate, the flow pattern change i.e. from an 
intensive je t air flow pattern around the aerator, followed by a churn flow in the middle 
and then a bubbly flow. Henser (2005) named the distance from the aerator to the 
location where the bubbly flow begins as ‘void’ . Chapter 7 describes in more detail 
about the changes in flow pattern along the downward leg of the siphon.
Several conclusions can be drawn from Hanser’s experiments:
• Using two meshes produced the highest air flow and the highest power output 
however, losses were high.
• Increasing the water flow w ill increase the air flow. This also increases the 
‘void’ , which reduces the suction pressure, and thus reduces the power output.
The objective of this siphon experiment was to get the water flow as high as possible in 
order to maximise air flow. This produces the highest power output. At the same time it 
is necessary to reduce the void as much as possible in order to create the highest suction 
pressure. The key to achieving this w ill be in the design of the aerator.
Howey and Pullen (2008) conducted research using a similar experiment to that carried 
out by French and Widden (2001), and Hanser (2005). They combined a siphon and a 
hydraulic air compressor (HAC) to power an air turbine and generator. In this experiment 
they used a 100 mm pipe diameter siphon with a bell mouth in let and a diffuser in the 
down pipe. Air was entrained through a manifold and introduced into the water flow at 8 
points along the outer edge of the siphon.
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Figure 2-18 Howey and Pullen experiment diagram
With the driving head of 1 m and an aerator height of 2 m, this system achieved a 
maximum void ratio of 0.116 and a power output of 20 Watts, with an efficiency of 10%, 
about 50% less than was predicted. The void ratio and the power output are similar to 
Hanser’s experimental results, which were 0.1165 void fraction, and 22 watts power 
output for a driving head of 1 m and an aerator head of about 2 m in 150 mm pipe 
diameter. Howey and Pullen also calculated theoretically the effect of the diffuser if  it  
is applied at the outlet, and found that it  w ill increase the power output but not the 
efficiency.
Conclusions from the Howey and Pullen experimental results are 
• Air power increases with an increase in driving head.
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• The efficiency of the Hydraulic Air Compressor (HAC) system is dependent on 
driving head, aerator height, air-water volume ratio (air volume divided by water 
volume), and maximum buoyancy head value (driving head subtracted by the 
overall losses in the siphon).
• Key performance parameters in the design were: loss coefficient(s) and aerator 
height.
• Key parameters in the operation were: driving head and the air-water volumetric 
in the inlet.
In summary, the experiments on siphons with aeration carried out by Bellamy, French 
and Widden, Henser, and Howey-Pullen achieved efficiencies between 10% -30%.
The void ratio varied from 0.11 to 0.25.
Thus siphon systems with aeration are feasible, reliable, and deserve to be investigated 
further. The challenge is to design a siphon system with the maximum air flow, 
producing maximum power and at a high efficiency. It is necessary to maintain the 
continuity and stability of the siphon flow, while minimizing the losses in the system.
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Chapter 3 
Design and development of a Siphon 
Test Rig
3.1. Introduction
This chapter describes the design and the development of the siphon experimental rig, 
the aerators’ design and the measuring devices. This experimental rig was designed and 
developed by the author from scratch. On the way to the construction, slight 
modification and small changes were done to adjust with the space availability and for 
practicality.
There are two stages of rig development, i.e. a rig using a pumped system to test three 
different aerators, and a rig using natural siphons of two different heights to find which 
performed the best.
Some differences between the previous studies and this experiment are:
1) In the siphon system, the top part of vertical down leg pipe where air was 
injected is in a higher location than the position of the upper tank.
2) There is no separation between the mixing zone and the down leg part of the 
siphon. Water and air were mixing in the down leg pipe. Only Jain (1988) had the 
similar system.
3) This siphon system used a large diameter of 200 mm, whereas the above studies, 
except Jain (1988) used much smaller diameters (less than 100 mm)
42
Chapter 3 Design and Development o f a Siphon Test Rig
4) Some of the studies above were set in a fu ll developed bubbly condition in the 
down leg pipe after the mixing zone by adjusting the water discharge and air 
flow, whereas in the siphon system, air was entered as much as possible in order 
to produce high void fraction. There was an attempt and expectation to create 
bubbly flow by designing an aerator with small holes diameter of 2-4 mm, and 
also using an air chamber.
Figure 3.1 Siphon system
(W=Weir, S=Siphon, H= potential head)
In the low head hydro power using a siphon system, the siphon is installed over the weir 
(or any suitable structure) to carry the water from upstream to downstream, the head 
difference, H (see Fig.3.1) driving the siphon.
In the vertically down part of the siphon, air at atmospheric pressure is introduced at 
the top point of the siphon where the pressure is less than atmospheric pressure. By
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maintaining this continuous air flow, the system can be connected to an air turbine to 
generate electricity.
As this turbine is in the air instead of submerged in the river, it  is easier to install, 
maintain and operate. Thus it  reduces the capital cost compared to a conventional 
system.
Additional advantages are that it  does not need civil work to lay the air turbine in the 
river and avoids fish movement problems. This is always among the main issues raised by 
the Environment Agency. In fact, as the mixed water and air from the siphon flows back 
into the river down-stream of the weir it  increases the water quality in the river and is 
environmentally friendly.
There are many existing weirs with a low head available and which are not utilised 
anymore. By using the siphon system these weirs can be used to provide electricity and 
create jobs for the local community.
3.2 Development of Test Rig
In order to simulate the upper and the downstream part of the weir, two tanks were 
built in the laboratory. A lower (bottom) tank represents the water level downstream of 
the weir; an upper tank represents the water level upstream of the weir. The lower tank 
also functions as a storage tank, so water can be circulated from there to the upper 
tank. (See Fig. 3.2)
44
Chapter 3 Design and Development o f a Siphon Test Rig
Flow between the tanks was controlled by a valve and by reducing or increasing the RPM 
of the pump with a digital electronic control.
The water level in the upper tank was maintained at a set level by installing a circular 
weir (an overflow pipe) that allowed overflow back to the third chamber of the storage 
tank.












Figure 3.2 Schematic diagram of Siphon Rig
There are four chambers in the bottom tank. The first chamber (from the left) is the 
chamber where the water flows back to the bottom tank. It also operated as a stilling 
basin before the water entered the second chamber.
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In the second chamber, a V-Notch was installed to measure the water flow from the 
siphon. In both the first and second chambers, the water level is the same. This water 
level was monitored to ensure it  remained constant. A V-notch weir allowed the water 
to enter the third chamber of the lower tank and the flow rate to be measured. The 
third chamber of the lower tank also received an overflow from the circular weir in the 
top tank and acted as a stilling basin for the fourth chamber where the pump water was 
pumped to the upper tank. The third chamber of the bottom tank also allowed air 
bubbles to exit the flow.
The upper tank has two chambers separated by a gate or a weir with a rectangular cross 
section. The first chamber (from the left) is where the water from the bottom tank was 
pumped to f i l l  the top tank. The second chamber is where the siphon inlet takes the 
water. The siphon outlet discharges the water into the first chamber of the bottom tank.
Two rotameters were put before the aerator to measure the air flow rate. The smaller 
rotameter (right) measures the flow rate from 0 to 200 l/m in air flow. The big rotameter 
measures the flow rate from 0 to 1000 l/m in.
A valve between the rotameters and aerator is used to control the air flow rate. The 
valve is adjusted gradually to allow more air to enter the siphon until it  reaches the 
maximum air flow rate that causes the siphon to break.
A pressure gauge is put at the inlet of the aerator to measure the air pressure at this 
point.
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Figure 3.3 Pump and flow rate controller
Various types of aerators were installed to investigate their performance. In this 
experiment, the flow pattern, the air flow rate and the pressure at the aerator point 
were recorded.
Three different designs of aerators were tested; Orifice and spargers, an aeration ring 
using a cylindrical air chamber in the down pipe, and an aerator using an air chamber in 
the horizontal pipe of the siphon.
Figure 3.4 Aerator-1
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j j
Figure 3.5 Aerator-2 and Aerator-3
To start siphoning, a suction (vacuum) pump is used. Once the siphon is working, the 
vacuum pump is switched off, and the natural siphon flows continuously.
In order to understand the performance of the aerators, without the disruption of siphon 
breaks, a pumped system was used. Chapter 6 w ill discuss in detail the experiment using 
a pumped system.
3.3 The design of the tank
3.3.1 The bottom tank
The bottom tank (see Fig 3.6) was divided into four chambers to allow the turbulent 
water from the first chamber to calm down before measuring the flow in the second 
chamber using the V-Notch. The first chamber and the second chamber are connected 
through a rectangular hole at the bottom of the divider and with a thin end sill in front 
of it  to slow down the flow at the bottom tank so that the second chamber has relatively 
calm water before it  passes through the V-Notch.
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The third and the fourth chamber are connected through a rectangular hole at the 
bottom of the divider. There is also an end sill in front of the divider to reduce the 





Figure 3.6 Storage Tank
The storage tank dimension: 1.0 m x 1.0 m x 1.0 m (=4.0m3)
3.3.2 The top tank
The top tank was designed to be the supply source for the siphon inlet. The water then 
flows throughout the siphon. At the top of the down pipe of the siphon it  is mixed with 
air, and discharges into the first chamber of the bottom tank.
It was important to ensure that there is enough water available so that a continuous 
siphon flow can be maintained.
It was decided to build the siphon tank with two chambers of 1 m3 each. The first 
chamber is where the inlet of the siphon takes the water for the siphon system. The
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second segment is where the water from the bottom storage tank is pumped and 
allowed to settle.
There is a rectangular crest weir in between the two chambers to control the water 







Figure 3.7 Top tank with two chambers
This second tank was located on a platform as a reservoir to store water so there is 
enough to be siphoned. The storage tank dimension: 2 m x 1.0m x 1.0m =2m3.
To avoid over flow or to control the water level at the siphon tank, a circular weir is put 
in the second chamber, so whenever the water rises above the water level weir, it  w ill 
flow back to the third chamber of the storage tank.
3.4 Water Discharge and Velocity
During the siphon operation, the volume of the bottom tank was such that it  could not 
cope with the maximum flow rate in the siphon. For a 2 m driving head (h), if there are
no losses in the system, the water velocity in the siphon would be.
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v = /(2gh) = /(2x9.81x2)= 6.26 m/sec 
The flow rate in the siphon (Q.) with a 200 mm diameter is:
Q = v(nr2) = 6.26 x n x  (0.1 )2.= 200 l/sec.
In reality there w ill be some losses in the system. If it  is estimated 30% losses in total, 
the siphon velocity would be 4.4 m/s or Q = 138.16 l/s. During the experiment there is a 
slowing down of the flow to reduce turbulence in the first chamber, and with the outlet 
flow from the second chamber reduced by the capacity of the V-notch weir, the rate of 
flow had to be reduced to avoid flooding in these chambers. A butterfly valve was 
installed to control the flow rate in the system. The maximum water flow rate was 
maintained below 94.7 l/s, (3 m/s) in the siphon.
The siphon pipe is 200 mm diameter. Experimental measurement were taken for two 
different heights of siphon (yA). The lower siphon was 3.5 m, and the higher siphon was 
4.7 m. It was measured from the top of the vertical pipe where the aerator was located 
to the bottom pipe to the bottom tank direction (see Figure 3-2).
3.5 Aerator Design
Three different types of aerators were installed for the tests using the pump, and their 
performances were observed. The aerators were designed with the objective of 
producing small bubbles that were evenly distributed in the down pipe, (see Fig. 3.9).
1. Aerator-1 - A. An orifice with straight line spargers. B, An orifice with spiral spargers.
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2. Aerator-2 - A ring structure formed an air chamber around the down pipe. The air
entered the down pipe through holes in the pipe wall.
3. Aerator-3 - An air chamber was attached to the lower side of the horizontal pipe.
Using air chambers gives a uniform pressure to the air entering the pipe through the 
holes so that, ideally, the distribution of the air is uniform.
The objective was to see the flow pattern of two phase flow in the down pipe, and to 
find the aerator which produces the maximum air flow rate. This aerator is expected to 
produce the maximum power. The following diagrams show the different types of 
aerator used in the down pipe.
Figure 3-8 shows the details of Aerator-1, A. with the straight line spargers, and B. with 





D iagram  no t to  Scale
200 200
Figure 3.8 Orifice spargers with A. straight and B. spiral line holes
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Horizontal Side Spargers With Air Cham berRing Spargers With Air Chamber
SkSe Spargers with Air Cnamber
03
Figure 3.9 Aerators with an air chamber
3.5.1 Sparger diameter and air chamber
The design of sparger hole diameters was based on the study conducted by Dhotre 
(Dhotre, 2006). He carried out very comprehensive 3D simulation studies using CFD of 
upward, two phase flow to simulate the flow pattern, and to investigate the effect of 
various spargers and nozzle diameters on the behaviour of the bubble column. He used a 
200 mm diameter pipe with an air chamber, and sparger hole diameters from 2 mm to 4 
mm.
He observed the effects of different hole sizes, as well as the total opening area of all 
the sparger entrance holes, the nozzle size, and the position of the inlet nozzle in the 
air chamber, on the gas holdup and the uniformity of pressure drop and gas bubble 
distribution. The studies showed:
1) The average gas holdup (void ratio) decreases as the opening area increases. It 
also decreases when the opening area of the sparger holes is greater than the 
nozzle cross section area.
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2) As the hole-size of the spargers increase, the pressure drop across the sparger 
area decreases, and the uniformity of bubble distribution decreases.
3) As hole diameter increases the average gas hold-up decreases. Conversely, 
smaller sparger holes w ill create smaller bubbles resulting in a larger gas holdup.
4) An increase in nozzle size increases the uniformity of bubble distribution.
From his results it  can be concluded that smaller bubble size results in a higher void 
fraction (gas holdup). However, this increases the pressure drop, which, ideally, should 
be as small as possible to lim it the energy loss. Therefore, there has to be a balance 
between having an aerator where the hole size is small enough to produce a large as 
possible void fraction without having too great a pressure drop. Chapter 5 describes in 
more detail the relation between the hole size of the spargers and the pressure loss.
Dhotre also found that it  is important that the total opening area is the same or smaller 
than the cross sectional area of the nozzle in order to maintain the uniformity of gas 
distribution from the spargers.
Futher, Dhotre suggested that to get a relatively uniform distribution, the nozzle should 
not (as on the le ft in Fig.3.10) be directly facing the holes (spargers). His simulation 
produced a maximum void fraction of 0.22.
Based on Dhotre studies, the following design of the spargers for the siphon system was 
chosen:
The diameter of the nozzle of air tube is 20 mm diameter; 
the cross sectional area = t t x 1 0 x 10 =  314 mm2.
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Figure 3.10 Bubble column and air chamber - Dhotre
To maintain the total area of opening of the spargers the same as the cross sectional 
area of the air tube:
For a hole’s diameter of 2 mm,
The number of holes needed = 314 mm2 t (n x1 x 1 mm2) = 64 
For a hole diameter of 3 mm,
The number of holes needed = 314 mm2 *  (n x1.5 x 1.5 mm2) = 44
3.6 Measuring Devices
3.6.1 V-Notch Weir
A critical aspect of the project is in achieving the correct measurement of water flow 
rates. If these values are consistently incorrect, all calculations w ill be affected and 
thus meaningless. The flow rate is dependent on the angle of the v-notch and the level 
of water above the sharp crest of the weir:
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Figure 3.11 Detail of V-Notch
Figure 3.12 V-Notch detail
Chapter-4 discusses in detail how to calculate the water discharge using a V-Notch weir.
3.6.2 Pressure gauge and manometer tap
Manometers were installed to measure the pressure within the pipe, at the locations 
shown in the Fig. 3-13 below; M1, M2, M3, M4 and M5. These pressure measurements 
were made to find the losses due to friction and other causes when water was pumped 
through the pipe.
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An air pressure gauge was installed between the rotameter and the aerator to measure 







Figure 3.13 Positions of Manometer taps
Figure 3.14 Manometer
3.6.3 Rotameter
A rotameter is used to measure the air flow rate. The flow rate is controlled by a valve. 
The rotameter is calibrated to read for air at atmospheric pressure.
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Figure 3.15 Rotameter and Presure gauge
For the siphon system, the experiment was carried out in two stages. The first stage was 
using a 3.5 meter long, down pipe siphon (Figure 3-16) . After finishing the experiment, 
the siphon height was raised up to 4.7 m (Figure 3-17), and the same experiment was 
carried out. Chapter 6 describes in more detail the siphon experiment.
Figure 3.16 Low Siphon
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Figure 3.17 Higher Siphon
3.7 Butterfly Valve
Due to the V-Notch weir, the water flow rate into the second chamber was relatively 
small. Operation at higher flow rates causes the first chamber of the bottom tank to 
overflow. Thus, a butterfly valve was installed on the horizontal part of the pipe system 





Figure 3.18 Butterfly valve position - lower siphon
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The siphon was run with various butterfly openings starting from 60°, 70°, 80°, and
eventually fu ll opening. To avoid flooding in the bottom tank, a fu ll butterfly opening 
was used only when the air flow rate was sufficient to prevent flooding.
For the low siphon, the butterfly valve was located in the horizontal part of the siphon.
For the higher siphon, the butterfly valve was located in the vertical pipe between the 
inlet and the first bend of the siphon. See Fig. 3-19.
Figure 3.19 Butterfly valve position - higher siphon
All the equipment, i.e. the Perspex pipe system, the tanks, the pump with flow meter 
and its manifold, the butterfly valve and other measuring devices were purchased from 
UK companies and then assembled together in the laboratory. It was installed by the 
departmental technicians.
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This chapter describes the calibration of the V-Notch weir i.e. to find its discharge 
coefficient in order to measure the water flow rate; the calculation of the loss 
coefficients in the pipe system due to friction and other losses due to the inlet and 
outlet, the pipe bends and the butterfly valve.
To calibrate the V-notch weir measurements of volume flow were timed, converted to 
flow rates, and a rating curve was drawn to show the relationship between the height of 
the water level above the V-notch and the flow rate.
4.2 V-Notch Measurement
End View
Figure 4.1 Flow measurement over V-notch
The flow over the V-notch is dependent on the angle of the V-notch and the level of 
water (‘h’ in Fig 4-1) above the sharp crest of the weir (Sastraatmadja, 1981).
Theoretically, the flow rate over the V-notch is:
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Q = 8/15 (/2g) tan (0 /2 ) h 2 5 ( 4.1)
This formula has to be corrected by coefficient of discharge (Cd) for the V-notch weir. 
(Subramaya,1982; Fox and Me Donald, 2001). This depends on the physical condition of 
the crest weir. Thus:
Q = Cd * 8/15 (/2g) tan (0 /2 ) h 2 5 (4.2)
Where: Q. = discharge, m3/s
0  = angle of V-notch, deg 
h = head on apex of notch, m 
The angle of the V-notch is 90°. Thus, the only variable which can alter the flow rate is
the height of water above the crest, h (Figure 4-1)
4.2.1 Cd calculation
Young et al (1997) found that typical Cd for triangular weirs is in the range of 0.58 to 
0.62. To find out exactly the value of Cd, first we measure the volume of flow (in m3) 
using flow meter in 60 seconds, so we can find the water flow rate in litre per second. It 
was also measured the water level over the V-Notch (in cm). Then the discharge 
coefficient of the V-notch (Cd) was calculated using formulae (4.3).
This combination reading of flow meter volume and the V-Notch height were carried out
for 28 readings, then Cd was calculated of flow rate and water level.
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Cd= Q /[8/15 (/2g) tan (0 /2 ) h 2 5 ] (4 .3 )
Table 4.1 shows the calculation of Cd for 28 water level reading (h) and flow meter 
reading. The result from the reading flow meter and calculation from (4.3) was Cd= 
0.598 = 0.6. (See Table 4.1).
Table 4.1 Cd calculation
Height





























Cd (average) = 0.5981
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4 .2.2 Flow meter reading
The volume discharges of flow meter (in m3) were recorded in 60 second period of time, 
and then the flow rate was calculated. These readings were repeated 7 times for each 
flow rate calculation, and then calculate the mean as follows:
(Flow rate)j = 1000*(Vreading-2-Vreading-1)/60 (l/s) (4.4)
Mean of flow rate = (I(Flow rate)i)/7 (4.5)
The maximum error for each flow rate was estimated as ± 0.03%.
4.2.3 Flow rate over V-notch calculation
Based on this Cd, then the flow rate in the V-notch is calculated using (4.2) formulation 
with Cd=0.6.
Q = 0.6 * 8/15 (/2g) tan (0 /2) h 2 5 (4.6)
Giving g=9.81, 0  = 90°’ tan (0 /2 ) =1:
Q =  1.417 * ( h A2.5) *1000 (l/s) (4.7)
and Figure 4 .2  shows the rating curve of the V-notch. V-notch and flow-meter 
correlation can be seen on Figure 4.3.
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Figure 4.2 Rating curve of V-notch
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Figure 4.3 V-Notch vs Flow-meter
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Figure 4 .4  Flow rate vs Water velocity
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Figure 4.5 Velocity vs Height over V-Notch
4.3. Losses in the Pipe System
It is important to find the pressure losses for the various flow rates. This data w ill be 
used to find the loss component when aeration flows are carried out.
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Losses in a water flow pipe system can be classified into two components i.e. major loss 
due to friction along the pipe, and minor losses due to: 
sudden enlargement and sudden contraction 
the pipe inlet and outlet
- pipe bends
- pipe junctions
divergent and diffuser sections
- joints
- valves
In fully developed turbulent flow these losses are given by the following simple formula:
HL=KL(V2/2g) (4.8)
Where:
Hl = head loss
Kl = coefficient of loss
V = water velocity
The value of KL for the above common situations are shown in Table 4-2
Table 4 .2  KL values
Kl value in practice
Bell-mouth entry 0.10
Sharp edge entry 0.5




- In-line flow 0.4
- Branch to line 1.5
- Gate valve 0.25
Source: Sleigh and Goodwill, (2009), Miller (1996)
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Table 4.3 shows other KL values. (White, Streeter, and Hydraulic Institute in Munson, 
2002).
Table 4.3 KL values
KL value in practice
a) Elbow:
Regular 90°, flanged 0.3
Regular 90°, threaded 1.5
Long radius 90°, flanged 0.20
Long radius 90°, threaded 0.7
b) Union, threaded 0.08
c) Valve •
Gate, fully open 0.15
Gate, Va closed 0.26
Gate, Vi closed 2.1
Gate, % f  closed 17
Source: Munson (2002), M ille r  (1996)










Figure 4.6 Schematic pipe system
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Loss due to the friction in the straight pipe section (between the PVC bend and the 
Perspex pipe bend) was measured. (See Figure 4-6). The length of the straight pipe 
between M2 and M3 is 0.80 m. By reading manometers 2 and 3 for various flow rates, we 
can find the head losses (AH;).
These values are then used to find the resistance coefficient, f, (Moody resistance 
coefficient) (See Appendix 4-1) from equation 4.9.
AHf = f (L/D) V2/2g (4.9)
V=(2g AHf /L )1/2 (D /f)172 (4.10)
Since the Reynolds number:
Re = VD/v (4.11)
Where: v= kinematic viscosity
By substituting V in equation (4.10) into (4.11) (see Crowe et al 2001);
Re= (2g AHf /L )172 (D /f)172 (D/v) (4.12)
Re/172 = (D3/2/v)*(2gAHf/L)172 (4.13)
Where :
Re = Reynolds number 
f= resistance coefficient 
D=pipe diameter (m)
V= water velocity (m/s)
v= kinematic viscosity for water at 20°C
AHf= head loss (reading from manometer) (m)
g= gravitation = 9.81 m/sec2
L = length between manometer (m)
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The head loss AHf is measured from various flow rates between 19 l/s to 57 l/sec 
reading. Then the values of Re f /2 were calculated based on equation (4.13). By 
calculating ks/D, i.e. ks is pipe roughness and D is pipe diameter, the Moody diagram can 
be used to find the value of resistance coefficient (f).
Table 4-4 gives various values of pipe roughness.
Table 4 .4  Roughness coefficient (ks)
ks value for perspex, plastic, 
glasses
DS Miller (1996)
Sleigh and Goodwin (2009) 





For ks=0.003 then ks/D = 0.000015. Referring to the Moody diagram (Crow at al, 2001, p 
418, Me Kinney, p 418), the coefficient of resistance (f) of the perspex pipe ranges from 
0.013 to 0.018. It varies with the flow velocity in the pipe. The f increases with a 
decrease in flow velocity. Appendix A-2 shows the detail calculation for the values of 
Re/172.
4.3.2. Loss in PVC bend
In the experimental rig, there are two bends to be measured, i.e. the vertically upward 
pipe (PVC bend) and the Perspex transparent pipe bend at the down pipe. The pressure 
loss at the PVC bend was measured using Manometers 1 and 2, and for the perspex bend 
it is measured using Manometers 3 and 4. The water flow in the pipe is measured by
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reading V-notch level height and then it is converted using the Rating Curve (Figure 4-2), 
or Figure 4-5 to find the velocity.
The difference in the manometer readings between the bend (M1 and M2) gives the 
pressure head loss in the bend, i.e.:
Different pressure head (AH) = Readingl- Reading2 (m)
A H te n ^ K ev V Z g  (4 .1 4 )
Reading-1 and Reading-2 are read from the manometer. The V-notch height is also read. 
By using the Rating Curve in Figure 4.2 the flow rate is calculated (in m3/sec) from the 
corresponding V-notch height. Then the v2/2g is found using the following formula:
V2/2g = (Q/A)2/2g 4.15)
A is the area of the pipe and g is gravitational acceleration. Manometer readings were 
made for different values of the flow rate. The results were then plotted into the AHP 
versus v2/2g graph (See Figure 4.7 and Figure 4.8).
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Figure 4 .7  Loss in PVC bend
The Loss Coefficient in PVC bend (KB) was found from the gradient of the graph, i.e.:
Kb-pvc = AHp/(V2/2g) (4.16)
From Figure 4.7 it  is found that Kb-pvc = 1.5 for PVC bend.
Reading the manometer is not easy because it  keeps fluctuating. In order to minimize 
error on the reading, for every single fluid flow rate, it  was taken 3 times then the 
average of the three readings was taken.
4.3.3. Loss in Perspex pipe bend
Figure 4-8 plots the difference in manometer readings (AH) between the bends versus 
the velocity head (V2/2g). The gradient of the graph represents the loss coefficient for 
the perspex bend, KB-perspex = 0.36.
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Figure 4.8 Loss in Perpex bend
This value should be slightly less because there are joints (union) next to Manometer 3 
and Manometer 4. From Table 4.3, Kunj0n = 0.08, then:
K | 3 - P e r s p e x  = 0.36 - (2 Kumon) (4.17)
K B - P e r s p e x  = 0.36 - (2*0.08) = 0.20
According to Miller (Miller 2001, p 81) the value of KB ranges from 0.20 - 0.50, or i.e. KB 
ranges from 0.15 - 0.27 for r/D= 2-3 (bend radius, D= pipe diameter), , and KB ranges 
between 0.24-0.5 for r/D=1. The value of the Reynolds number ranges between 104and 
106.
The value of K B.Perspex will be checked again after measuring the loss between two bends.
4.3.4 Loss between two bends
The total loss between the two bends, i.e. from the PVC bend, along the horizontal 
pipe, and the Perspex pipe bend was measured. From the graph (Figure 4.9), it shows
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that the total loss coefficient is Kb.b= 2.1. The components of losses in this segment 
come from, losses due to PVC bend, Perspex bend, friction loss, and the three joints 
between the manometer readings.
Thus the loss due to joints ( IK j) can be found.
IK j = Kb-b ■ Kb-pvc " KB.perspex “ Kf (4 .1 8 )
IKj = 2 .1  - 1 . 5 - 0 . 2 0 - Kf (4 .1 9 )
Using Darcy-Weisbach equation (Munson, 2002), the loss in the straight pipe with circular 
cross section is:
AH, = f  (L/D) (V2/2 g ) = K,(V2/2 g ) (4 .2 0 )
Kf = f  (L/D) (4 .2 1 )
For f= 0.013, L= 0.80 m, and D= 0.20m:
Kf = 0 .0 1 3  *  (0 .8 0 /0 .2 0 )  = 0 .0 5 2  
Back to equation (4.18)
Kj = (2.1  -1 .5  - 0 .3 6  - 0 .0 5 2 ) /3  = 0 .0 6 3  * 0 .0 6  
For f= 0.018, L= 0.80 m, and D= 0.20:
Kf = 0 .0 1 8  * (0 .8 0 /0 .2 0 )  = 0 .0 7 2  
Kj = (2.1  -1 .5  - 0 .3 6  - 0 .0 7 2 ) /3  = 0 .0 5 6  *0 .0 6  
Back to equation (4.11), using Kj = 0 .0 6
KB-perspex = 0 .3 6  - (2  *  0 .0 6 ) = 0 .2 4 .
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It was found that the value K B.perspex= 0.24, for 90° radius bend with r/D = 1. This value 
agrees with the reference value from Miller (2001) which ranges between 0.24-0.5 for 
r/D=1. This means that for any other experiment, the use of values published in 
reference works can be used with confidence. Calculation showed that Kj = 0.063, which 
is slight smaller compared to the reference, i.e. Kj = 0.08 (Munson 2002).
If the measurements are made lower down in the vertical pipe, the total loss from the 
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Figure 4.9 Losses between PVC bend and perspex bend
4.3.5 Losses in inlet and outlet
Ideally, the inlet is a well rounded entry to minimize the entry loss. It was not possible 
to build this in the experimental rig, so it  has a sharp edged entry. Due to the small 
space available in the rig, the outlet also has a sharp edge. The value of KLfor entry and 
exit is taken from Table 4 .2 , i.e. Kentry=0.5 and KeXit='l -0-
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4.3.6 Losses in joints (union)
Within the pipe system, there are some joints (union) in the straight pipe. Based on the 
calculation from the previous section the value of Kj = 0.06.
4.3.7 Gate valve loss
To control and set various flow rates, a gate valve was put between the pump and the 
vertically up pipe. During experiments, the valve was opened between 40% and 70% of 
full opening, and with its loss coefficient KL values ranging between 0.26 and 2.1.
4.3.8 Overall coefficient losses in the pipe system
Based on the experimental results, the overall loss coefficient (K) in the system is 
summarised in Table 4-5.
Table 4.5 Overall K values
KL value in practice
F ric tio n  loss (L= 0 .8 0  m ) 0 .0 5 2
F ric tio n  loss (L = 5 .0 m ) 0 .3 2 5
PVC bend 1 .5 0
Perspex bend 0 .2 4
J o in t (one jo in t) 0 .0 6
Joints (9 jo in ts ) 0 .5 4
In le t  (sharp edg e  e n try ) 0 .5 0
O u t le t  (sharp edge e x it) 1 .0
G a te  v a lve  (40% opening) 2.1
G a te  v a lve  (70% opening) 0 .2 6
Table 4.5 shows that the biggest losses were contributed by PVC bend, inlet-outlet, 
valve openings. All these losses happened because of the restriction of space in the 
laboratory. On site experiment, where there are no space restrictions, these losses can 
be minimized by some improvements, i.e. by using a bell mouth or diffusion inlet and 
outlet, reducing the number of joints i.e. by using only one single large radius bend. It is
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possible to operate in full siphon mode, so there is no need to put a butterfly valve to 
control the flow rate.
4.3.9 Losses due to Butterfly valve
As it was mentioned in the Chapter 3 section 3.8, the butterfly valve was used to control 
the water flow rate. The energy loss due to the butterfly valve varies depending on the 
degree of the opening and the flow velocity.
A series of experiments using various openings were carried out and the different 
pressures across the butterfly valve were measured (between Point-D and Point-C in 
Figure 4-10).
[Scheme D iagram  o f Butterfly Valve Reading]
M a n o m e te r  R e a d in g  1 D
M a n o m e te r  R e a d in g  2 C
S iphon Tank ST
B u tte rfty  V a tve 3V
_______icog______ J
Figure 4.10 Butterfly Valve
Total pressure drop across the butterfly valve (between Point D and Point C) and using 
the following equation gives the pressure loss cefficient.
77
Chapter 4 Pre Experimental Work
(p rp2)/pg= v2/2g (Kf+Ke+Kj) + v2/2g (Kbut) (4-22)
Kbut = {[(PrP 2)/pg] -  [v2/2g (Kf+Kg+Kj)]} / v2/2g (4-23)
Where:
(p rp2) = different pressure between Point D and Point C 
pw = water density
Kf = friction loss coefficient = 0.013, L = 1.80 m 
Kb= bend coefficient (one bend)
Kj= jo in t coefficient (two joints)
Table 4-6 shows the loss coefficient for butterfly valve openings (Kbut).











Figure 4-11 shows a graph of various butterfly valve openings and the values of its loss 
coefficient. Calculation details can be seen in Appendix A-3.
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D e g re e s o f  o p e n in g
Figure 4.11 Coefficient of butterfly valve 
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It can be seen that the loss coefficient of the butterfly valve is not linear. The value 
increases exponentially as the degree of opening decreases. For 20° the K value reaches 
above 100, and at 65° opening, K reduces significantly to 5.8. In full butterfly valve 
opening, the value of Log Kbut = 0, or Kbut = 1. This butterfly valve also contributes a 
significant loss in the pipe system.
As a summary, the overall total loss coefficient in the system due to the water flow in 
the siphon was estimated to be (see also Table 4.5 -and Table 6.2 - Chapter 6):
K= 3.60 for the low siphon and K = 3.9 for the higher siphon.
As it was mentioned above, on site experiment, we can run a full siphon flow with no 
restriction. Therefore, we do need a butterfly valve to control the siphon flow.
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Chapter 5 
SINGLE-HOLE AERATOR EXPERIMENT
This chapter describes a single-hole aerator experiment that was carried out to observe 
the bubble formation, the flow pattern surrounding the nozzle, and the pressure loss due to 
bubble development and detachment from the nozzle. In order to carry out this 
experiment, a single-hole aerator experimental rig was set up separately from the main 
siphon experimental rig.
In the siphon system with aeration, there are two groups of head loss components, as 
summarised in Figure 5-1 i.e.:
losses in the pipe system which can be represented as a function of velocity head
- losses due to aeration, i.e. air entering the siphon, and bubble development 








Bubble development zone ,— % /  7
Air - entering siphon I  I
Figure 5.1 Loss components in the siphon system with aeration
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The values of K for the first group of loss components have been discussed in Chapter 4.
This experiment was set up separately from the main siphon experiment in order to 
observe the air pressure drop due to bubble formation only, without the effects caused 
by the various pipe system losses. This experiment was carried out in still water.
An open top hexagon tank of transparent material of 35 cm height and 16 cm sides was 
filled with water. Through an air regulator, air flows into the water in the cylinder, the 
flow being measured by a rotameter. Air was then released into the water through a 
circular hole. The KDG 1100 rotameter used has a maximum capacity of 10 l/min. The 
pressure difference in the air before and after it was released into the water was 
measured by a U-tube manometer. A total of nine hole types were tested, consisting of 
three different diameters (2 mm, 3 mm and 4 mm) with edge cuts being either straight, 
or with an inner chamfer, or with an outer chamfer (see Figures 5-4). As shown in Fig. 5- 
5 these holes were machined into the one circular plate that could be positioned with 
the air inlet pipe so only one hole was releasing air into the chamber.
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Figure 5.2 Schematic diagram of Single-hole Rig
Hexagon cylinder
Figure 5.3 Single-hole aeration rig
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|Diagram of Holes with Different Cut
Figure 5.4 Cross section of the holes with different cut
Schematic Diagram o f Various Holes Diameter
(5)
Figure 5.5 various holes’ types
5.2. Bubble Formation
5.2.1. Theory and observation of bubble formation
There are two stages in the formation of a bubble, i.e. bubble growth and bubble 
detachment.
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Figure 5.6 Bubble growth and detachment stages
(R= bubble radius, S= distance from the nozzle to the center of the bubble)
If the velocity of the bubble centre (dS/dt) is larger than bubble expansion rate (dR/dt), 
then the gas supply is cut off and the ‘old’ bubble detaches from the nozzle, thus 
creating a single bubble (Buyevich and Webbon, 1996). If the velocity of the bubble 
centre is smaller than the bubble growth, then the gas supply continues to expand the 
bubble and to build up the stem length as shown in Fig. 5-6.
Figure 5-7 shows an example of the single bubble formation in the single hole 
experimental rig for the 2 mm nozzle diameter. This single bubble formation and 
detachment occurred when the air flow rate was very small, less than 2 l/m in, dS/dt 
being greater than dR/dt. As the aim of a low head siphon system is to increase the air 
flow to the maximum possible, this situation is unlikely to occur in a real system.
The white arrow shows the bubble that has been detached from the nozzle.
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1 First single bubble
2 Second single bubble
3 Third single bubble  -  ju s t detached from  
th e  nozzle _________
Figure 5.7 Single bubble formation
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McCann (1971) has made an extensive study of the ‘delay’ of bubble detachment. He 
identified this phenomenon as Bubble Pairing, Double Bubbling, and the combination of 
pairing and double bubbling, e.g. double pairing, triple, or quadruple bubbling, which is 
a common happening in a very high gas flow rate.
Bubble pairing occurs when the second single bubble merges with the first bubble. This 
occurs only when the chamber volume is large.
Bubbling frequency increases with a decrease in chamber volumes. Double Bubbling 
occurs when the second bubble is sucked into the first one and the two bubbles then 
merge as one bigger bubble. See Fig. 5-8.
Bubble Pairing
Double Bubbling
Figure 5.8 Bubble Pairing and Double Bubbling
(bubble pairing= second bubble touches the first bubble straight away when it is still on the nozzle 
plate, double bubbling= second bubble touches the second bubble after leaving the nozzle)
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Under normal conditions, there are three types of bubble regimes commonly known, i.e. 
static regime, dynamic regime and turbulent regime. Static regime occurs when the gas 
flow rate is very small, the bubble volume remains constant and the bubble frequency is 
directly related to the gas flow rate. In a dynamic regime, bubble volume and frequency 
increase with increase in gas flow rate. (McCann, 1971).
In a turbulent regime which occurs when there is a very high gas flow rate, double 
pairing, triple, or quadruple or multiple bubbling types are formed. It is unstable and 
different bubble types appear randomly in any sequence. In this regime, bubbles are 
produced more frequently and these bubbles coalesce in a random pattern and create 
irregular shapes.
Figure 5-9 shows an example of bubble formation in the single-hole experiment with a 2 
mm diameter hole. The white arrow near the nozzle shows how the bubble is formed 
and developed on the nozzle. The first and the second, and possibly the third bubbles 
attached to each other on the nozzle and are eventually detached from it.
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2- The bubble  grow s bigger, still on th e  nozzle
Figure 5.9 Multiple Bubble formation on the nozzle
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Figure 5.10 Bubble changes its shape on the way to surface
From the figures above it can be seen how the shape of a bubble changes as it  rises to
the surface. Bubbles did not form perfect spherical shapes.
At a high air flow rate, the air injection regime may well be in je t mode. This occurs
when surface tension controls the stability and breakup of the je t stream (Yang, 2001).
Figure 5-11 (a)-(c) shows an example of bubble formation in a turbulent regime when a 
high air flow rate occurs. For the various different holes (2 mm, 3 mm, and 4 mm) with 
the same air flow rate (16 l/m in) various bubble formations were created. Bubble 
pairing occurred and this was followed by multiple bubbling.
The white arrows show the bubbles on the nozzle forming a je t stream before 
detachment.
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(b)3-mm diameter(a) 2-mm diameter
Figure 5.11 Bubble Formation in turbulent regime
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It can be seen that with a 4 mm diameter hole, the delay in detachment is longer and 
multiple bubbling occurs. The stem is wider and longer compared to the smaller nozzle 
diameters. Visual observations indicate it looks as if a continuous jet mode of air flow 
comes out from the nozzle, then it is detached and forms a large irregular shape of 
coalesced bubbles.
On the way up to the water surface, the multiple bubbling form breaks into smaller size 
bubbles that may re-coalesce again into random patterns and shapes. At a high air flow 
rate, the bigger the diameter of the nozzle, the longer and bigger the je t stream of air 
that is formed (see figure 5-11, a, b, c). This means there is a longer delay in the 
detachment stage. Yang et al (2001) stated that on the vertical surface it remains 
unclear of how and to what extent the different forces acting on the bubble alter the 
behavior and characteristics of the bubble growth and detachment.
The following pictures are a series of shots of the orifice with a 3 mm straight cut. The 
pictures show how the bubbles are developed and detached and how the coalesced 
bubbles change in shape and size, and form a random pattern on the way to the water 
surface. The coalesced bubbles can break and re-coalesce again whilst moving upwards. 
Visual observation indicates there is a continuous jet stream from the nozzle and that 
large size bubbles are formed in multiple bubbling before eventually being detached. 
The size and shape of the bubble is not always the same. Close to the water surface the 
bubble breaks into smaller sizes.
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Figure 5.12 Series of Bubble formation in a second shot 
(3mm straight cut diameter)
The bubble formation is also determined by the shape of the edge of the orifice, 
depending on whether it  is straight cut, or a hole with an inner chamfer or an outer
chamfer. For the same diameter size, different random pattern due to different edge
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cuts are visible. Figures 5-13 shows various bubble formations and random patterns for 
3-mm diameter holes with the different edge cuts when the air flow rate is 14 l/m in.
Visual observation indicates that an inner chamfer nozzle creates smaller coalesced 
bubbles with a shorter time delay for detachment compared to one with an outer 
chamfer.
For the 3 mm diameter orifice, it  can be seen that the inner chamfer cut forms smaller 
size coalesced bubbles than the straight cut and outer chamfer. If, as shown in Fig. 5-13 
the outer chamfer forms a longer and bigger stem, similar to 4 mm straight cut 
diameter, then there is a longer delay in the detachment stage (see Figure 5-11).
Figure 5.13 Bubble formation - 3- mm hole diameter
(a) outer chamfer (b) inner chamfer
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Observation of the flow pattern and the bubble formation around the nozzle for multiple 
hole aerators as used in the siphon system, w ill be described in Chapter 7.
5.3. Air pressure loss
The air pressure drop during aeration is measured using a U-tube manometer, Fig 5-14.
Figure 5.14 Head loss during aeration
5.3.1 Rotameter reading
The rotameter scale reads in cm, and this is converted into flow rate (l/minutes) using 
the conversion chart, Figure 5-15.
Nozzle with no aeration
Nozzle during aeration
U-Tube m anometer shows 
pressure difference during aeration
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Figure 5.15 Air Flow Rate Chart
5.3.2 Air pressure loss observation
Records and observations show that pressure loss decreases with increase in inlet 
diameter. It was also found that using an inner chamfer w ill reduce the pressure loss. 
Figures 5-16, 5-17, and 5-18 show the pressure loss due to air release into the water due 
to different sizes and cuts of inlet holes.
The use of straight cut, inner chamfer and outer chamfer was only carried out in the 
single-hole experiments to find the different losses. In the siphon system, only the 
straight cut was used.
Air flow through rotameter (in l/s) against air pressure loss (in N/m2) is shown in Figures 
5-16 to 5-18 for various diameters size, 2 mm, 3 mm and 4 mm. These graphs also show 
the different air pressure loss for the same diameter size with different cut, i.e. sharp 
cut, inner chamfer and outer chamfer.
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It can be seen that the bigger the diameter the air pressure loss decreases. From 2 mm 
to 4 mm diameter the pressure loss decreased significantly, almost ten times. From 3 m 
to 4 mm diameter the air pressure decreases about half.
Thus to minimize losses, as large an aerator hole as possible should be used, provided it 
does not cause problems with the large bubble size coalescence, delayed detachment 
from the nozzle, and the possible production of instability of the siphon flow continuity.
Pressure loss - 2 mm dia
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Figure 5.16 Air pressure loss for 2 mm inlet diameter
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Figure 5.17 Air pressure head loss for 3 mm inlet diameter
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Figure 5.18 Air pressure head loss for 4 mm inlet diameter
From the graphs it also can be seen that the air pressure loss increases with increase in 
air flow. The relationship is not linear, so as the air flow increases the air pressure loss 
increases exponentially.
Experiments were also carried out to measure the difference between the pressure loss 
when the air is released into water to when it  is released into air to find out how much 
difference. It was found that there was not very much difference of pressure loss due to 
release of air into the air and into the water, especially for the 3 mm diameter 
orifice.(Figure 5-19).
Pressure Loss - 3 mm sharp cut
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Figure 5.19 Pressure loss difference in the water and in the air - 3 mm
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This finding is important. This means that, with 3 mm diameter holes, the air pressure 
loss can be calibrated ‘dry’ .
For 2 mm and 4 mm diameter holes, the air pressure loss in the water is slighty higher 
than the air pressure loss in the air (Figures 5-20 and 5-21). The graphs also show that 
the pressure loss difference increases with increase in air flow rate. Thus it  has to be 
kept in mind when using a diameter hole less or greater than 3 mm, especially when 
applying a higher flow rate, that the air pressure loss is about 10% higher in the water 
than in the air for 4 mm hole diamater, and about 20% for 2 mm hole diameter.
Pressure Loss - 2 mm sharp cut
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Figure 5.20 Pressure loss difference in the water and in the air - 2mm
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Figure 5.21 Pressure loss difference in the water and in the air - 4mm
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5.4 Theoretical Calculation of Bubble Formation
In the siphon experimental rig, 3 mm diameter of straight cut sparger holes were used. 
The maximum air flow rate for aeration in the siphon (See Chapter 6) was approximately 
600 l/min. There are 44 holes in the spargers. Assuming that the air flow rate is equally 
distributed to the 44 holes, thus the air flow rate for single hole:
Q  s i n g l e  h o le  = (600 l/min )/44 = 13.636 l/min = 0.227 l/s = 0.227*10’3 m3/s .
(Q s i n g l e  h o l e ) 2  = (13.636) 2 = 185.95 (l/m in)2.
Air velocity for single hole = Q./A = 0.227*10'3 /  (n * 0.00152) = 32.13 m/sec.
Refer to Fig 5-17, for the pressure loss per single-hole « 800 N/m2.
There are two stages in bubble formation, i.e.:
1) The development of a full bubble in the orifice outlet
2) The detachment of bubbles from the orifice outlet
Adhesive
force




Figure 5.22 Bubble detachment
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There are several forces working on bubble formation and detachment which need to be 
considered: Buoyancy force, Surface tension (adhesive) force, Momentum flux, Drag 
force, and Inertia force. The buoyancy force is the dominant force causing the 
detachment of the bubble from the orifice (Nahra and Kamotani, 2002). Bubble diameter 
decreases with increasing superficial fluid flow (Bhunia et al, 1998). The superficial fluid 
flow is the flow that occurs when no air is being injected (single phase).
In a turbulent regime when the gas flow rate is high, two bubbles frequently coalesce 
close to the orifice. These irregular bubbles rise in a rapid swirling motion and inertial 
forces become very high (Leibson in Me Cann, 1970). The bubble volume increase is in 
proportion to the gas flow rate (McCann, 1970).
Buoyancy force:
As the air density is relatively small compared with water density the later can be 
neglected, so
Fb = VB (pw - -  Pa) g (5-1)
Fb = V Bpw g (5-2)
Adhesive Force:
Fa= TT (Do) o (5-3)
Momentum flux of gas
Fm = pa (Qa)2/ [ (  tt/ 4 )  (Do) 2 (5-4)
Number of bubbles formed in a unit time is:
Nb = Qa / V b = Q a/ [ (  IT /6 0 /  (Db)3 ] (5)
Where:
Vb is volume of single bubble
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Db = diameter of bubble 
D0 is hole diameter = 3 mm = 0.003 m 
Qa is air flow rate = 0.227 l/s.= 
pwis water density = 1000 kg/m3
o is surface tension = 7.4 * 10~2 N/m, at 10°C-20°C (Munson et al, p831).
5.4.1 Force Calculations
As the bubble diameter is the same or greater than the sparger diameter (D0):
Adhesive force (Equation 5-3): Fa = tt * 0.003 * 74*10-3 = 6.97*10_ 3 N
Buoyancy force will have an effect in detaching the bubble if FB > Fa = 6.97*10-3 N
Bouyancy force (Equation 5-1): FB = VB pwg =6.97*10-3 N
VB = 6.97*10-3 /(1000* 9.81) = 7.1 * 10"7 m3 
= 0.71 cc
Bubble volume = VB = [(4/3) * n r 3] = 0.71 -> r 3 = 0.71/[(4 /3 ) * tt]  
r 3 = (0.71 * 3 )/(4  * 3.14) = 0.17 cm r  = 0.55 cm 
Db = 1.1 cm = 11 mm
The calculation above is based on a dynamic regime, where each bubble can be treated 
as a separate object (McCann, 1971), i.e. bubbles may be considered independently of 
one another (Buyevich and Webbon, 1996).
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Observation showed that the diameter of a bubble near to the surface was greater than 
10 mm. On the nozzle, the injected air appeared to form a je t stream before the 
bubbles were detached and formed into coalesced bubbles (See Figures 5-11, 5-12, 5-
13).
For Qa = 0.227 * 10'3 m/s, number of bubble formed per unit time, NB:
Nb = Qa /V B= 0.227* 10‘3/(7.1* 10"7) = 320/sec 
FM = P a ( Q a ) 2 / [ (  t t / 4 )  ( D o ) 2
Momentum flux of gas (Equation 4): FM = pa (0 a )2/ [ (  tt/ 4 )  (D0) 2]
= 0.0012 (0.227* 10'3)2/[ (3 .14/4) (0.003)2 
=8.75* 10"6 N
Fm is relatively small compared to surface tension, but it contributes to detaching 
bubbles.
5.5 Findings and Results
The experiment showed that a very high air flow rate produces multiple pairing and 
bubbling with a delayed detachment stage. This is characteristic of the higher gas 
velocity (McCann, 1971) when it may form into a je t stream.
Based on the above calculations the bubble diameter was 11 mm. The calculation was 
based on the dynamic regime, where bubbles are considered independent of one 
another.
102
Chapter 5 Single-Hole Aeration Experiment
Visual observation showed that close to the surface the bubble diameter was greater 
than 10 mm.
Based on the results from the single-hole experimental rig in still water, and using Fig 5- 
19 for a 0.227 l/sec air flow rate and for the 3 mm hole diameter, the pressure loss for 
single hole = 800 N/m2.
In the siphon rig experiment, the two phase flow is vertically downward, so other 
elements of loss need to be taken into account. These are losses due to a bubble 
development zone in the downward leg siphon, the force required to break the 
coalesced bubbles, and the stream of air flow out from the nozzle (spargers) into single 
and smaller bubble sizes that creates a relatively dispersed bubbly pattern. There may 
also be an hydraulic jump effect.
5.6 Conclusion
This single-hole experimental rig has indicated how much pressure loss occurs in the 
formation and detachment of bubbles into the water chamber. It also showed that the 
higher air flow rate produced not just single, but multiple bubbling with delayed 
release. This appeared like an air je t stream before it detached from the nozzle and 
created random irregular shapes and sizes of bubbles.
Single bubble formation occurs only when there is a very small air flow rate (below 2 
l/min for 2 mm nozzle diameter). Thus to create a bubbly flow pattern directly from the 
nozzle, nozzle diameter must be much smaller than 2 mm. In practice a smaller nozzle 
diameter will cause a large pressure loss (See Figures 5-16, 5-17, 5-18). Thus it is 
impractical to use such holes in the siphon system aerator.
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Based on these experiments some points can be concluded with regard to pressure loss 
when a bubble is released into water:
>  The bigger the diameter of the orifice, the less the pressure head loss needed to 
release the air into the water. This finding is useful when deciding what diameter 
will be used to design the aerator for the siphon experimental rig.
>  With regard to the edge of the orifice, the inner chamfer cut produced less head
loss than the straight cut and the outer chamfer cut. However it is not practical 
to make the sparger holes with inner cut chamfers.
>  Overall, the pressure loss when using orifices with diameters of 3 mm or 4 mm is 
relatively small compared to that when a 2 mm diameter hole is used.
>  There is very little difference in the pressure loss that occurs when a bubble is
released into either air or water.
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Chapter 6 
Low-head hydro with aeration
6.1 Introduction
This chapter describes a laboratory experiment of low head hydropower generation using 
an aeration system with the intention of determining its performance. The research 
investigates the performance of selected aerator design to find which one has the best 
power output and efficiency.
There were two stages in this experiment. The first stage investigated aeration using a 
pumped system. In this stage three different aerator designs were tested. The aim was 
to find out the maximum air flow rate and the maximum void fraction that can be 
achieved by each aerator.
The second stage was a similar test using a natural siphon. Two versions of this 
experiment were carried out. One had the highest point of the siphon at the down leg 
part (yA= 3.5 m) than the other (yA= 4.7m). The higher siphon had a larger suction 
pressure at its high point and this produced more power. As with the pumped system the 
aim was to establish the highest air flow rate before the siphon breaks, and to find the 
maximum void fraction that can be achieved. Based on the measurement of water flow,
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air flow and the air pressure, the power output was calculated. The efficiency of the 
aerator was calculated by finding the ratio of the power output to the power input.
6.2 Aeration using a pumped system
The pumped system experiment was done to focus on the aeration process while 
avoiding the difficulties of creating a natural siphon that could break. With a pumped 
system, the water flow can be continuously maintained.
The behavior of the air inlet section is exactly the same in the pumped system as it  is in 
the natural siphon system.
Figure 6-1 Rig using Pumped System
106




R o tam eter R
W ater W
V -N o tch VN
Pum p P
G a te  V a lve V
A era to r A
Pressure G a u g e PG
Bottom  Tank BT
Figure 6-2 Schematic diagram of a pumped system
With the water flow initiated, air at atmospheric pressure passes through a rotameter 
and is induced into the flowing water through one of the various aerators. A valve was 
put between the rotameter and the aerator to control the air flow rate. Starting from 
zero aeration, the air flow was gradually increased until it reached the maximum rate 
that could be achieved before the siphon broke.
Three types of aerator design were tested, i.e.:
1. Aerator-1 - Copper tube spargers
2. Aerator-2 - Ring spargers using an air chamber
3. Aerator-3 - Horizontal spargers using an air chamber
Chapter 3 section 3.5 gave the detailed design of the aerators.
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Figure 6-3 Three types of aerators design
6.2.1 Aerator 1 - Copper tube spargers
The copper tube spargers have a diameter of 20 mm, located near the top of the down 
pipe. There are three lines of holes along the copper tube, each of 3 mm diameter. The 
top hole is approximately 200 mm below the horizontal pipe level (See detailed design in 
section 3.5). Figure 6.4 shows the Copper tube sparger and the detail of the small holes.
Figure 6.4 Aeratorl showing sparger details
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6.2.2 Aerator 2 - ring spargers with an air chamber
These have two lines of 22 holes, each hole having a diameter of 3 mm, in the two ring 
spargers around a cross section of the down pipe (See detailed design in section 3.5). 
The air chamber is to disperse the air with a relatively uniform distribution, speed and 
pressure (Dhotre, 2006). Figure 6-5 shows a picture of the down pipe with the air 
chamber. As shown in this Figure the air inlet did not directly face the sparger holes.
Figure 6-5 Aerator 2 - Ring sparger with air chamber
6.2.3 Aerator 3 - horizontal aerator using an air chamber
This aerator has four lines of 11 holes with a hole diameter of 3 mm. They are located at 
the bottom part of the horizontal pipe near the down pipe (See detailed design in 
section 3.5). The air chamber formed an arc shape around the pipe. Figure 6-6 shows a 
picture of Aerator 3.
109
Chapter 6 Low-head Hydro with Aeration
Figure 6-6 Aerator 3 with Horizontal air chamber
Aerator 3 was the highest at approximately 200 mm higher than Aerator 1, and 400 mm 
higher than Aerator 2.
6.2.4 Rotameter reading and observation
The experiment using the pumped system was focused on finding the maximum aeration 
which could be achieved and on studying the flow pattern. Water in the storage tank 
was pumped up the vertical PVC pipe, then it  flowed through the horizontal transparent 
pipe and into the vertically downward transparent pipe. For the first test the air entered 
the water through the copper pipe sparger holes. The water flow rate was measured 
using the V-notch weir and the air flow rate by the rotameter. Various combinations of 
water flow rate and air flow rate were used in the tests.
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[Schematic Diagram of Pump System With AerationI
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Figure 6-7 Aerator-1 in Pumped System
Initially a water flow rate was set and then air at atmospheric pressure was gradually 
induced into the pipe after passing through a rotameter. The air flow was adjusted and 
controlled by a valve. Two rotameters were used in parallel, the small one measured 
airflow rates up to 200 ml/min, and the larger one measured air flow rates up to 1000 
ml/min. A pressure gauge was installed between the rotameter and the inlet of the 
aerator to measure the pressure at this location.
Three different initial water flow rates were used in the pumped system experiment. 
These were set by a control valve. Water was pumped into the fourth chamber of the 
tank (See Fig., 3-3 and 3-4). Once the water flow was stable, the reading of the water 
level above the V-Notch was recorded and converted to the flow rate using Figure 4-2.
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Initially the water flow rate was set at 52.5 l/s. Gradually the rotameter valve was 
opened and air entered into the water flow. Water flow rate, air flow rate and the 
pressure gauge readings were recorded. This continued until the rotameter valve was 
fully opened and the reading reached its maximum. Then the water flow rate was set at
57.5 l/s  and the above procedure completed for this rate. Then again it was completed 
for the 62.6 l/s flow rate.
Observations showed that as air is introduced into the system the water flow rate 
decreased. (See Figs. 6-9, 6-10 and 6-11) This was clearly visible in the free siphon 
experiment by an increase in the water level in the top tank (see Fig. 3-2) especially 
when the siphon is almost broken.
From the above readings, the void fraction was calculated.
6.2.5 Void fraction calculation
Qw
Figure 6-8 Schematic mixed flow in the tube
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Below the sparger the water with velocity (v) in the vertical direction is mixed with the 
air entering from the orifices in the copper spargers. Due to buoyancy the air bubble 
will drift upwards with a drift velocity relative to the water of vs. Thus the actual air 
bubble velocity is (v-vs).
If the areas of pipe occupied by air and water are Aa and AW) respectively, the void 
fraction (a):
where:
Ap = area of pipe cross section.
a = void fraction, volumetric ratio of air to mixed air and water 
Aa = cross section area occupied by air 
Aw= cross section area occupied by water
Volume flow rates for water and air:
Q — Aa / (Aa "*■ Aw) — Aa/Ap (6. 1)
Qw = Aw v (6.2a)
Or, Aw = Q w /v
Qa = Aa (V-VS) (6.2b)
Or, Aa = Qa /(V-VS)
Where:
Qw = water flow rate
v = water velocity
vs = drift velocity
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Here, the volume flow rate of air (Qa) is the local value at level X-X (Fig. 6-8). As the 
pipe is short, it is assumed that Qa has the same value as at the inlet, the value given by 
the rotameter.
Thus
v = Qw/Aw -  Qw/(AP-Aa) = Qw/{Ap-(Qa/(v-vs)} (6 .3 )
Rearranging the equations above gives:
v2-(vs+(Qa+Qw)/Ap )v+(vsQw)/Ap )= 0 (6 .4 )
The assumption was made that Qa and vs were constant in the down pipe; and that the 
drift velocity would be vs=0.24 m/sec (taken from Rice, 1976 in French Widden, 2001).
With pipe diameter = 0.2 m, the cross sectional area of the pipe (Ap) is:
Ap = n x 0.1 x 0.1 m2 = 0.0314 m2,
Thus Equation 6.4 becomes:
v2- (0.24+(Qa+Qw)/0.0314)v+7.6433Qw= 0 (6.5)
Since Qa and Qw were recorded from the experiment, then v could be calculated. To find 
the void fraction a, Aw and Aa were calculated and equation (6.1) was used.
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Using this value of v, Aw and Aa were calculated from equation 6.2a and 6.2b, thus 
enabling the void fraction to be found from equation 6.1
6.2.6 Experimental findings and fresults
Figure 6-9 shows the relation between air flow rate, water flow rate and void fraction 
when the initial water flow rate is 52.5 l/s.
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Figure 6-9 Maximum void fraction at Initial water flow of 52.5 l/s
When the air flow rate increases, the water flow rate decreases as is expected since the 
cross-sectional area in the pipe that is available for the water flow is reduced.
At the initial flow of 52.5 l/s, the graph above (Fig. 6-8) shows that Aerator2 produces 
the highest void fraction 29.1% at 9.153 l/s aeration, Aerator3 reaches 27.9 % at 8.458 
l/s  aeration and Aeratorl has the lowest value of 23.9% at 8.562 l/s aeration.
Figure 6-10 shows the void fractions for an initial water flow rate of 57.5 l/m in.
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Figure 6-10. Maximum void fraction at Initial water flow of 57.5 l/s
Similar to Figure 6-9, the graphs above show that Aerator2 has the highest void fraction 
of 28.1% at 11.341 l/s aeration (reduced 1% from the previous graph), while Aeratorl 
increases to 25.7 % at 10.891 l/s air flow, and Aerator2 slightly reduces to 27.8% at
11.164 l/s aeration.
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Figure 6-11 Maximum void fraction at Initial water flow of 62.6 l/s
At the initial water flow rate of 62.6 l/s, Aeratorl reached a maximum void fraction of 
27 0%, 1.3% increase from the previous flow rates. Aerator-2 and Aerator-3 produced 
lower void fractions compared to the previous condition when the initial water flow rate
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was 57.5 l/s. Thus for a higher water flow rate Aeratorl has increased the void fraction 
value.
At an Initial water flow of 62.6 l/s, the maximum void fraction of Aeratorl increased up 
to 26.9%, whilst its value decreased in Aerator2 and Aerator3, i.e. 24.6% and 25.13%
The experimental record showed that at 62.6 l/s initial water flow rate, Aeratorl 
achieved 14.941 l/s air flow, whilst Aerator 2 and Aerator-3 reached maximums of 
12.629 l/s and 12.54 l/s respectively.
Table 6-1 shows the above data for different aerators.









Aerator-1 52.5 8.560 23.9
57.5 10.891 25.7
62.6 14.941 27.0
Aerator-2 52.5 9.153 29.1
57.5 11.341 28.1
62.6 12.629 24.6
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As seen in Table 6-1 for Aeratorl, the value of the void fraction increases as the initial 
water flow rates increases, whilst Aerator 2 and Aerator 3 show the opposite effect, i.e. 
the void fraction decreases as the initial water flow rate increases.
According to Jain (1988) and Joshi (2006) the void fraction will increase with the 
increase of water velocity up to a certain point and then it will decrease. This was an 
effect of the circulation that occurs when the water velocity is high and the flow is very 
turbulent. The circulation increases with an increase in water velocity and this will 
cause a decrease in void fraction to occur (ibid).
Appendices B-1a/b/c to B-3a/b/c show the detailed calculation of void fraction for each 
aerator with different initial water flow rates, i.e. 52.5 l/s, 57.5 l/s, and 62.6 l/s.
6.2.7. Conclusion
From the pumped system experiment it was found that at a very high air flow rate, 
Aeratorl was stable as indicated by the position of the rotameter pendulum, and that it 
produced the highest void fraction, 27%, at an air flow rate of 14.941 l/s aeration.
Aerator-2, at 12.629 l/s reached a 24.6% void fraction, and Aerator-3 at 12.54 l/s 
achieved 25.1% void fraction.
Since the intention of the experiment was to get the highest possible void fraction at 
full siphon flow, Aeratorl was selected for further investigation.
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Also based on the experimental result from the pumped system, the natural siphon 
system focused on Aeratorl.
It was expected that the maximum air flow rate using a pumped system would be higher 
than by using a natural siphon system, because the pumped system had an extra energy 
to pump the water flow in the pipe, so that more air suction can be produced. Also, in 
the pumped system, there was no ‘siphon break’ situation. The water flow kept running 
even though the rotameter valve was fully opened.
Observation showed that at full opening of the rotameter valve, the air flow reached up 
to a maximum between 750 l/min (Aerator 3) and 890 l/min (Aerator 1). Thus, in the 
pumped system, Aerator 1 produced the highest air flow. The similar performance was 
expected and occurred in the natural siphon condition, i.e. Aeratorl produced the 
highest air flow rate (see Section 6.4. and 6.5).
6.3. Site experiment
Part of the research work is to test how the siphon and the aerator work in the site 
experiment. Some surveys to find the suitable sites were conducted. To coordinate with 
the laboratory experiment, the sites must meet several criteria, i.e.:
>  Enough driving head, i.e. at least about 2 m
>  Accessibility
>  Relatively clean water
>  Security; to put and leave the equipment on the site
>  Minimum cost, e.g. minimum extra civil work required
>  Easy to get permission from the local authority
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> If possible to be close to Lancaster
Several selected sites were visited as follows:
Heron Corn Mill
The weir is situated in River Bela at Beetham (Figure 6-12). The weir between the corn 
and paper mills is approximately 25m long. The fall over the main weir is about 4m. 
There is a fish pass on the le ft side of the weir on the downstream direction. It is a good 
location, about 30 minute driving from Lancaster, but the head is a little  bit too high for 
a site experiment. Also it is in open area, so that it  is not safe to leave all devices on 
site.
Figure 6.12 Heron Corn Mill Weir 
(Source: h ttp ://w w w .visitcum bria.com /sl/heron-corn-m ill/)
Staveley
The weir is about 2 m high, situated in the River Kent, behind a brewery factory and 
cafe (Figure 6-13). It is an ideal place and easy to access, and there w ill be somebody 
who can look after it. It needed to be discussed further with the owner.
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Figure 6-13 Weir in Staveley 
(Source: www.steveleymilyard.com ; www.geolocation.com)
Sedgwick-Kendal
The weir is about 1 m high, is located in River Kent near to the Caravan Park (Figure 6-
14). Even though the place is easy to access, the head is too low for the site experiment.
Figure 6-14 Sedgwick weir
Broad Raine Farm - Killington
The weir is situated in the River Lune on the north direction from Lancaster. The height 
of the weir is about 2 m (figure 6-15). It is a potential a place and easy to access and 
there is somebody there who is interested and willing to help to look after the siphon 
plant and to support site experiment.
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Figure 6-15 Broad raine farm Weir 
(Sources: geograph.org.uk)
Halton Weir
Figure 6-16 Halton Weir and the proposed field trial
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Halton Weir is situated in the River Lune near to Lancaster. It is a very wide river with 
an abundant amount of water. There is a side weir part with under sluice, which is an 
ideal site to put the siphon (See Fig. 6-16). The head is about 2 m.
From the above potential sites, the Halton weir was considered the best location, 
because:
-The height is 2 m
-The water discharge is more than adequate
- It is very close to Lancaster
- There is a site weir where it is possible to place the siphon.
There were several meetings with the local people who were willing to provide part of 
the funding. Unfortunately, it turned out there was insufficient funding to carry out a 
site experiment here.
Sites under Yorkshire Water Authority
There were some potential sites owned by the Yorkshire Water Authority that could have 
been used for the site experiment. A visit to meet Yorkshire Water Representative (Mr. 
Ilyas Dawood) in July/August 2008 was made to discuss this possibility.
Yorkshire Water Treatment Plants (YWTP) through Mr. Ilyas Dawood offered 
collaboration and sites for the experiment. After several site visits and meetings, two 
potential locations were selected i.e. in Sandall and in Doncaster.
Based on the laboratory experiment, it was suggested that some improvement in the 
siphon system design was applied on site experiment, i.e.:
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Bell mouth shape for the siphon inlet and outlet 
No butterfly valve
- A bigger bend radius (r), with r/D = 4.6.
- Reduce the joints
Therefore, the improvement was carried out in developing the experimental rig on site. 
The site experiment was carried out by students with my supervision.
The onsite rig experiment was a fourth year student project based on the laboratory 
research results. It was using the same 200 mm siphon diameter and some improvement 
of the rig design as explained above. The students designed the site experimental rig, 
and a team of technicians organised by the Yorkshire Water built and installed the 
siphon on site.
Two groups of fourth-year students carried out an on-site siphon experiment at the 
Yorkshire Water Treatment plant in Doncaster. The first group used AeratorZ. They 
managed to install the whole rig but due to problems with the downstream conditions of 
the weir, the test failed to prime the siphon. It was a very turbulent and frothy flow 
around the outlet which caused air to enter the siphon. Figure 6-17 shows the onsite 
experimental rig. The left photo is the inlet view and the right photo shows the outlet 
view, which is a very turbulent and frothy flow in the downstream weir.
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Figure 6-17 Site experiment using Aerator 2
(Sources: Final report 4th year students, 2009)
The second group improved the downstream conditions by putting a bell mouth and a 
deeper siphon to divert the frothy flow of the weir away from the siphon outlets as well 
as offering a slight depth increase. They used Aerator-1 and tested 6 configurations of 
spargers with 100 holes of 2 mm diameter. They found that the spiral configuration 
produced the highest void fraction.
The site experiments carried out by the fourth year students found that spiral 
configuration spargers produced the highest air flow rate. The maximum rate achieved 
on site was approximately 8.333 l/s with Aerator-1 with approximately 1.7 m of 
potential head and a siphon height (yA) = 4.40 m (Earnshaw, 2010).
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-Platform
6 c o n f ig u r a t io n  s p a rg e rs
Figure 6-18 - Siphon pipe and Sparger Aerator design
(Sources: Final report 4th year students, 2010)
T h e  s ip h o n  w a s  le f t  ru n n in g  f o r  3 m o n th s  a f t e r  th e  o b s e rv a t io n s  a n d  c o n t in u e d  to  w o r k .  
T h is  s h o w e d  t h a t  t h a t  th e  s y s te m  w a s  ro b u s t a n d  r e l ia b le .
B ased  on  t h e  s tu d e n ts ’ w o r k , a  s p ira l c o n f ig u r a t io n  s p a rg e r  w i th  3 m m  d ia m e te r  h o le s  
w a s  d e s ig n e d  a n d  th e n  te s te d  in  th e  la b o ra to r y  s ip h o n  e x p e r im e n ta l  r ig . O b s e rv a t io n  
s h o w e d  t h a t  th e  s p ira l s p a rg e rs  h a v e  a  m o re  s ta b le  p e r fo r m a n c e  a t  th e  h ig h e r  a i r  f lo w  
r a t e  th a n  d o  t h e  o th e r  ty p e s .
T h e  n e x t  s ta g e  o f  th e  e x p e r im e n t  w a s  c a r r ie d  o u t  using  a  n a tu r a l  s ip h o n  a n d  w a s  fo c u s e d  
m o r e  on  A e r a t o r l , h o w e v e r  A e ra to rs  2 a n d  3 w e r e  a ls o  te s te d .
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6.4 Aeration in Low Siphon
The pumped system experiment (Section 6.2), showed that Aeratorl produced the 
highest aeration as it worked at up to 14.941 l/s of air flow, whilst Aerators 2 and 3 
worked up to 12.629 l/s and 12.54 l/s respectively.
In the natural siphon experiment, the maximum airflow rate was estimated to be less 
than that achieved in the pumped system, as there was no external energy supply.
In this experiment the objective was to find the maximum air flow rate that could be 
achieved before the siphon breaks, and to estimate the power output and the efficiency 
of the siphon system. Observation and analysis of the flow pattern in the down pipe 
were made. These will be described separately and in more detail in Chapter 7.
The experiment was first carried out using a lower siphon height as seen in Figure 6-19, 
(yA= 3.5 m) with Aerators 1 and 3, and then slightly lower for Aerator2 (yA= 3.30 m ). 
Later the siphon height was raised up to 4.70 m.
As stated in Chapter 3 the experimental rig was simulating the run-of-river condition, 
i.e. a weir or a hydraulic structure in the river with a siphon installed over the weir. The 
top tank simulates the upstream water source (weir) where the siphon inlet takes in the 
water. The storage (bottom) tank simulates the downstream location. This tank holds 
the water that will be re-circulated through the siphon. The difference in water levels 
between upstream and downstream (H) is approximately 2 m.
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Figure 6-19 Lower Siphon Rig
As i t  w a s  fo u n d  t h a t  fu l l  s ip h o n  w a t e r  f lo w  w o u ld  p ro d u c e  v e r y  h ig h  w a t e r  v e lo c i t y  a n d  
c a u s e  o v e r f lo w in g  in  th e  s y s te m , a  b u t t e r f ly  v a lv e  w a s  in s ta l le d  in  t h e  h o r iz o n ta l  p a r t  o f  





Figure 6-20 Butterfly valve position
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F ig . 6 -2 1  (s im ila r  to  F ig . 3 -2 )  sho w s a s c h e m a t ic  d ia g ra m  o f  t h e  c o m p le te  s ip h o n  s y s te m .










Figure 6-21 Schematic Diagram of Siphon Rig
6.4.1 Priming the siphon
A  s u c t io n  (v a c u u m ) p u m p  w a s  used  to  p r im e  th e  s y s te m  a n d  c r e a t e  th e  f lo w .  O n c e  th e  
s ip h o n  w a s  w o r k in g , th e  v a c u u m  p u m p  w a s  s w itc h e d  o f f .
A ir  a t  a tm o s p h e r ic  p re s s u re  p assed  th ro u g h  a  r o t a m e te r  a n d  an  a i r  p re s s u re  g a u g e  a n d  
th e n  th ro u g h  th e  a e r a t o r  in to  th e  f lo w in g  w a t e r .  A  v a lv e  b e tw e e n  t h e  r o t a m e te r  a n d  th e  
a e r a t o r  c o n t r o lle d  th e  a ir  f lo w  r a te .  T h e  v a lv e  w a s  a d ju s te d  g ra d u a lly  to  a l lo w  m o re  a ir  
to  e n t e r  t h e  s ip h o n  u n t i l  i t  re a c h e d  th e  a ir  f lo w  r a te  t h a t  c a u s e d  th e  s ip h o n  to  b re a k .
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The siphon was run with various butterfly valve settings, starting from 3 0 °  to  9 0 °  (fu ll 
o p e n in g ).
6.4.2 Estimated maximum water velocity in the siphon
Theoretically, with full siphon flow and with no head loss along the siphon pipe the 
water velocity would be:
v = /(2gH) (6-7)
For 2 m head (H):
v = f(2 *  9.81 * 2) = 6.26 m/s 
In practice, there are some losses in the pipe system due to friction along the pipe,
bends, joints and butterfly valve.
Using Table 4-5 (in Chapter 4) the total loss coefficient ( K s ip h 0 n )  in the lower siphon set 
up (L= 5 m, D= 0.20m) and without the butterfly valve would be:
K s ip h o n  = K f  +  2Kb-P e rs p e x  + K i n l e t  +  ^ o u t l e t  +  4 K j 0 i n t =  0.325 + 0.48+ 0.5+ 1.0 + 0.24 -  2.545
For H = 2 m, this gives total energy head:
H= v2/2g + K (v2/2g)= (1 +K)(v2/2g) (6-8)
For K = 2.545 v = /[(2gH)/(3.545)] ^  v = 3.33 m/s
For higher siphon (L=6.20m, D=0.20m)
Kf = f (L/D) = 0.013 * 6.2/0.2 = 0.403.
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Total loss coefficient ( K s ,P h o n )  in the a higher siphon without butterfly valve:
^siphon -  Kf + ZKg-Perspex + Kinlet + Koutlet + 7 Kjoint = 0.403+0.48+0.5+1.0+0.42=2.803 
For H = 2 m, this gave:
H= v2/2g + K (v2/2g)= (1+K)(v2/2g)
For K = 2.803 ^  v = /[(2gH)/(2.803)] ^  v = 3.74 m/s
With the presence of the butterfly valve in the siphon, there is another head loss. Thus, 
the maximum water velocity should be less than v = 3.74 m/s.
During the experiment the setup was only operated with the butterfly valve fully open 
when some air was being injected. Otherwise the bottom tank could not cope with the 
flow rate and overflowed.
6.4.3 Void fraction calculation
The void fraction (a) was calculated using Equation (6.1). The water velocity in the 
mixed flow of air and water was calculated using Equation (6.5). The air flow rate (Qa) 
and the water flow rate (Qw) data were recorded and the water velocity (v) was 
calculated.
Various butterfly valve openings were used and data recorded from the rotameter, the 
V-Notch weir and the pressure gauges. Figures 6-22 (a-c) show the relationship between
131
Chapter 6 Low-head Hydro with Aeration
w a t e r  f lo w  r a t e  a n d  th e  v o id  f r a c t io n  fo r  v a r io u s  o p e n in g s  o f  t h e  b u t t e r f ly  v a lv e  f o r  th e  
t h r e e  a e r a to r s .
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Figure 6-22 Void fraction vs Qw for various butterfly opening
T h e s e  g ra p h s  s h o w  t h a t  t h e  d e g re e  o f  o p e n in g  o f  th e  b u t t e r f ly  v a lv e s  a f fe c ts  th e  v o id  
f r a c t io n s  f o r  e a c h  a e r a t o r .
A e r a t o r l  h ad  th e  h ig h e s t  v o id  f r a c t io n  o f  24%  a t  6 0 °  o p e n in g , w h i ls t  A e r a to r 2  w a s  
r e la t iv e ly  c o n s ta n t  f o r  v a r io u s  d e g re e s  o f  o p e n in g , a b o u t  19% , a n d  re a c h e d  t h e  h ig h e s t  
v o id  f r a c t io n  a t  4 0 °  o p e n in g  ( a t  2 0 .6 % ). F o r A e r a to r 3 ,  th e  v o id  f r a c t io n  f lu c t u a t e d  u p  a n d  
d o w n  w i t h  th e  o p e n in g s , in d ic a t in g  in s ta b i l i t y  in  th e  a e r a t io n  p ro ce s s . T h is  w a s  m o s t  
l ik e ly  b e c a u s e  A e r a to r 3  w a s  lo c a te d  r e la t iv e ly  c lo s e  to  t h e  b u t t e r f ly  v a lv e ,  a n d  th e  
tu r b u le n c e  c a u s e d  b y  th e  v a lv e  a f f e c te d  th e  f lo w  p a t t e r n .  I t  re a c h e d  m a x im u m  v o id  
f r a c t io n  o f  23%  a t  3 0 °  o p e n in g .
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T h e  fo l lo w in g  g ra p h s  s h o w  t h e  r e la t io n  b e tw e e n  th e  a i r  f lo w  r a t e  a n d  t h e  v o id  f r a c t io n .  
T h e y  s h o w  t h a t  an  in c r e a s e  in  t h e  a i r  f lo w  r a t e  d o e s  n o t  a lw a y s  in c r e a s e  th e  v o id  
f r a c t io n .
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Figure 6-23 Air flow rate vs void fraction
S e v e ra l p o in ts  c a n  b e  d ra w n  f ro m  th e  t h r e e  g ra p h s :
1 ) E ach  a e r a t o r  a c h ie v e d  th e  h ig h e s t  v o id  f r a c t io n  a t  a  d i f f e r e n t  o p e n in g , a n d  i t  w a s  
n o t  w h e n  th e  b u t t e r f ly  v a lv e  w a s  f u l ly  o p e n .
2 )  A e r a to r 3  a c h ie v e d  a  v o id  f r a c t io n  b e tw e e n 1 7 %  a n d  23% , a n d  re a c h e d  t h e  h ig h e s t  
v a lu e  o f  23%  a t  b o th  3 0 °  and 4 0 ° b u t t e r f ly  v a lv e  openings. A e r a to r 2  a c h ie v e d  a  
r e la t iv e ly  c o n s ta n t  v o id  f r a c t io n  o f  a b o u t  19% , b u t  o v e r a ll  t h e  v o id  f r a c t io n  
ra n g e s  b e tw e e n  16% a n d  21% . I t  re a c h e d  th e  h ig h e s t v o id  f r a c t io n  o f  21%  a t  4 0 °  
o p e n in g  a n d  re a c h e d  th e  lo w e s t  o f  16% a t  8 0 ° .  T h is  w a s  lo w e r  th a n  th e  o th e r  
a e r a to r s .
3 ) A e r a t o r l  a c h ie v e d  a  v o id  f r a c t io n  b e tw e e n  17% a n d  24% , a n d  re a c h e d  its  h ig h e s t  
v o id  f r a c t io n  o f  24%  a t  6 0 °  o p e n in g . T h is  w a s  th e  h ig h e s t v o id  f r a c t io n  v a lu e  
r e a c h e d .
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The aerators became very sensitive when the air flow rate was high, and the siphon flow 
started breaking. As well, it was difficult to read the rotameter since the pendulum 
fluctuated wildly indicating that the aeration process was not stable. This was most 
likely due to velocity fluctuation in the turbulent flow as the water passed the air exit 
holes in the spargers. The presence of the butterfly valve would have generated vortices 
that make the water velocity fluctuate.
From the graphs 6-23 (a-b-c), it was shown that the maximum value of void fraction was 
determined by the optimum combination of air flow and water flow. This combination 
varied according to the butterfly opening. In a certain degree of opening, the air flow 
increase with the increase of water flow, followed by the increase of the void fraction. 
Yet, as Jain (1988) reported, when water flow increased, the extent of turbulence in the 
water also increased. This turbulence has disturbed the air suction process and this 
stopped the void fraction increment.
Another factor that limited the maximum air flow rate was the water head. In section 
6.3, we found that the air flow reached up to maximum of 750 l/min (Aerator2 and 
Aerator3) and 890 l/min (Aeratorl). Even though the rotameter was gradually opened till 
fully opened the value of air flow remained constant at these values. This means that 
there is a maximum value of air flow which is limited by the water head (H). In turn, the 
maximum air flow produced a certain void fraction. Thus, the void fraction is also 
limited by the possible maximum air flow which can be attained. The experiment 
showed that it was not always the maximum void fraction which resulted.
136
Chapter 6 Low-head Hydro with Aeration
Appendices B-4a, B-4b, and B-4c give the detailed calculation of the void fraction for the 
different aerators’ designs with various butterfly openings.
6.4.4 Power output calculation
From the research carried out by Widden et al (2004), the aeration process within the 
system is assumed to be adiabatic because the air bubble temperature reached the same 
value as the water temperature in a very short time (see also Howey and Pullen, 2009).
The temperature ratio equation:
Where:
T = absolute temperature 
p = pressure
y = Specific gas ratio = = Cp/Cv
Cp = Specific Heat at Constant Pressure, = 1.005 kJ/kg.K 
Cv = Specific Heat at Constant Volume = 0.718 kJ/kg.K
Subscripts 2 and 0 represent the conditions within the aerator and in the atmosphere 
respectively.
Enthalpy (h) = energy per unit mass:




h= Cp dT = Cp (T2-T„) (kJ/kg) (6-10)
Power output equation:
Poutput= Pa *  h  *  Q a (6-11)
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Where :
p A = a i r  d e n s ity  ( k g / m 3) 
h = e n th a lp y  = e n e r g y  p e r  u n it  m ass (k J /k g )
Q a =  a i r  f lo w  r a t e  ( l / s )
In t h e  la b o r a to r y  r ig , as m e n t io n e d  in  th e  C h a p te r  3 a n d  4 ,  d u e  to  l im ite d  s p a c e  in  th e  
w o r k s h o p , t h e  s ip h o n  f lo w  w a s  c o n t r o lle d  b y  a  b u t t e r f ly  v a lv e  w h ic h  cau s e s  a m a jo r  
e n e r g y  loss. A lso  d u e  to  t h e  n a r ro w  s p a c e  in  t h e  u p p e r  a n d  b o t to m  ta n k ,  i t  w a s  n o t  using  
a  b e l l  m o u th  s h a p e  in  th e  in le t  a n d  o u t le t  e n t r a n c e  o f  t h e  s ip h o n . T h is  a ls o  c a u s e d  a  
s ig n if ic a n t  loss. T h e r e f o r e ,  in  th e  la b o r a to r y  e x p e r im e n t  i t  w a s  e x p e c te d  t h a t  th e  
e f f ic ie n c y  w o u ld  b e  s m a ll ,  b e c a u s e  th e  t o t a l  loss c o e f f ic ie n t  in  th e  s ip h o n  s y s te m  (K ) is 
h ig h  (S e e  T a b le  6 .2 ) .
T h e  fo l lo w in g  g ra p h s  s h o w  th e  p o w e r  o u tp u t  vs th e  v o id  f r a c t io n  f o r  t h e  t h r e e  a e r a to r s  
w it h  v a r io u s  o p e n in g s  o f  t h e  b u t t e r f ly  v a lv e .
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Figure 6-24 Void fraction vs Power output for Aerator-1
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Power output vs Efficiency - Aerator 2
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Figure 6-25 Void fraction vs Power output for Aerator-2
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Figure 6-26 Void fraction vs Power output for Aerator-3
T h e  t h r e e  g ra p h s  a b o v e  s h o w  a  s im ila r  t r e n d  i . e .  a t  a s m a ll d e g re e  o p e n in g , (3 0 °  a n d  
4 0 ° )  t h e  p o w e r  in c re a s e s  w i th  in c r e a s e  in  v o id  f r a c t io n .  A t  b ig g e r  o p e n in g s , (a b o v e  5 0 ° ) ,
139
Chapter 6 Low-head Hydro with Aeration
the power reaches a maximum at a certain value of void fraction, and then it decreases. 
The highest power did not occur at full opening of the butterfly valve.
For Aeratorl, even though the maximum void fraction achieved was 24%, the maximum 
power output of 254 Watts occurred at 80° valve opening when the void fraction was 
17%. For Aerator2, the maximum void fraction was 20.6%, but the maximum power 
output of 267.5 Watts occurred at 15.8% void fraction and 80° opening. For Aerator3, the 
maximum void fraction was 23% at a lower opening (30°), and the maximum power 
output of 179.3 Watts occurred at 21% void fraction and 70° valve opening.
The results above show that Aerator3 produced the lowest maximum power, i.e. below 
200 Watts, compared to Aeratorl and Aerator2, which produced more than 250 Watts.
With regard to the void fractions, the results showed that the highest void fraction did 
not produce the highest power output. Appendices B-5a, B-5b and B-5c show these 
results.
A similar pattern was found in all the Aerators i.e. for each butterfly valve opening, the 
power output increases with the increase in void fraction until it reaches a maximum 
value then it starts to decrease even though the void fraction increases. Thus there is an 
optimum value of void fraction to produce the maximum power output.
Henser (2005) explained that the increasing water flow will increase the ‘void’ causing 
more losses and a reduction of the air suction and air pressure. This reduction in air 
pressure suction reduces the power output.
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The term ‘void’ in Henser work was a transition region, or a bubbly flow development 
zone, i.e. a region between an intensive air stream flow pattern around the aerator and 
the bubbly flow region at the lower part of the siphon. Chapter 7 describes in more 
detail about the changes in flow pattern along the downward leg of the siphon.
6.4.5 Aeration Efficiency
Calculation of system efficiency was carried out by comparing the power input due to 
the water flow with total head of 2 m and the power output produced by the air flow.
Power input: Pinput = Pw * § * Qw* H (Watt) (6-11)
Where:
pw = water density = 1000 kg/m3 
g = gravitation (m/s2) 
Qw=water flow rate (m3/s)
H = potential head = 2m
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Figure 6-27 Siphon diagram
(A = Aerator, B= inlet, C=outlet, H = potential head, yA = distance between water surface and Aerator)
I t  s h o u ld  b e  n o t ic e d  t h a t  th e  c a lc u la t io n  o f  p o w e r  in p u t  w a s  using  th e  w h o le  p o te n t ia l  
h e a d  (2  m ) ,  w h i ls t  th e  p o w e r  o u tp u t  w a s  c a lc u la te d  b a s e d  on  th e  re c o rd  a n d  
m e a s u r e m e n t .  T h is  m e a n s  i t  in c lu d e d  a l l  t h e  losses in  t h e  s ip h o n  s y s te m  d u e  to  in le t -  
o u t le t ,  f r ic t io n s ,  b e n d s , jo in ts ,  th e  p re s e n c e s  o f  th e  b u t t e r f ly  v a lv e ,  a n d  losses d u e  to  
a e r a t io n s .
T o t a l  e f f ic ie n c y :  0 = (Poutput /  Pinput) *  100% (6-12)
T h e  fo l lo w in g  g ra p h s  in  F ig u re  6 -2 8  to  6 -3 0  s h o w  th e  re la t io n  b e tw e e n  p o w e r  o u tp u t  a n d  
s ip h o n  s y s te m  e f f ic ie n c y  f o r  d i f f e r e n t  b u t t e r f ly  v a lv e  o p e n in g s . S ee  A p p e n d ic e s  B -6 a , 6b  
a n d  6 c  f o r  d e t a i le d  c a lc u la t io n s  o f  p o w e r  in p u t  a n d  e f f ic ie n c y .
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Figure 6-28 Efficiency vs Power output for Aerator-1
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Figure 6-29 Efficiency vs Power output for Aerator-2
























Figure 6-30 Efficiency vs Power output for Aerator-3
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The graphs in Figures 6-28 and 6-30 show similarities, i.e. at a low opening of the 
butterfly valve (30° and 40° openings), the efficiency increases as the power output 
increases. At higher openings of the butterfly valve, the pattern changes, the efficiency 
increases as the power output increases up to a certain point, then efficiency either 
decreases or remains constant. The power output from this point on does not always 
decrease.
The graphs also show that the highest power output did not coincide with the highest 
efficiency.
Aeratorl reached its highest efficiency of 24% at a 60° valve opening with a power 
output of 185.5 Watts. The maximum power output was 254.2 Watts which occurred at 
an 80° opening with an efficiency of 17.3 %.
Aerator2 reached its highest efficiency of 21% at a 60° valve opening with a power 
output of 199.5 Watts. The maximum power output was 267.5 Watts at an 80° opening 
with an efficiency of 18.3%.
Aerator3 (Fig 6-30) reached the lowest value of power output. The highest efficiency of 
17% at a 70° valve opening with a power output of 179.3 Watts. The butterfly valve 
opening had a very large effect on the efficiency, void fraction and pressure suction at 
the higher opening and flow rates.
144
Chapter 6 Low-head Hydro with Aeration
6.5 Aeration in Higher Siphon
T h e  o b je c t iv e  o f  ra is in g  t h e  s ip h o n  h ig h e r  w a s  to  p ro d u c e  m o re  p o w e r .  In t h e  h ig h e r  
s ip h o n  e x p e r im e n t  t h e  p e r fo r m a n c e  o f  A e r a t o r l  using  s p ira l s p a rg e rs  w i th  3 m m  h o le  
d ia m e te r s  w a s  in v e s t ig a te d .  S p ira l s p a rg e rs  w e r e  c h o s e n  b a s e d  on t h e  re s u lt  o f  th e  o n ­
s ite  e x p e r im e n t .  T h is  s p a r g e r  p ro d u c e d  a  s l ig h t ly  h ig h e r  a i r  f lo w  r a t e  th a n  t h a t  a c h ie v e d  
b y  t h e  in l in e  s p a rg e rs .
In t h e  h ig h e r  s ip h o n , t h e  b u t t e r f ly  v a lv e  w a s  lo c a te d  in  th e  v e r t ic a l ly  u p w a rd  le g  o f  th e  
s ip h o n , ju s t  a b o v e  t h e  in le t .  (S e e  F ig . 6 -3 1 )
Aerator
Figure 6-31 Higher siphon
T h e  e x p e r im e n t  w a s  c a r r ie d  o u t  u s in g  6 0 ° ,  7 0 ° ,  8 0 ° ,  a n d  f u l l  o p e n in g  o f  th e  b u t t e r f ly  
v a lv e .
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6.5.1 Void fraction
T h e  v o id  f r a c t io n  ( a )  is c a lc u la te d  b as e d  on  th e  E q u a t io n  ( 6 .1 ) ;  t h e  w a t e r  v e lo c i ty  in  th e  
m ix e d  a r e a  is c a lc u la te d  b a s e d  on e q u a t io n  ( 6 .4 ) .
Qa a n d  Q w a r e  re c o rd e d  a n d  th e  v e lo c i ty  (v )  is th e n  c a lc u la te d .  F ig u re s  6 -3 2  a n d  6 -3 3  
s h o w  t h e  r e la t io n s h ip  b e tw e e n  t h e  w a t e r  f lo w  r a t e  a n d  v o id  f r a c t io n ,  a n d  b e tw e e n  th e  
a i r  f lo w  r a t e  a n d  th e  v o id  f r a c t io n  f o r  t h e  d i f f e r e n t  o p e n in g s  o f  t h e  b u t t e r f ly  v a lv e .


























Figure 6-32 Void fraction vs Qw for various butterfly opening
T h e  g ra p h  a b o v e  sho w s t h a t  as t h e  w a t e r  f lo w  r a t e  d e c re a s e s  th e  v o id  f r a c t io n  in c re a s e s  
as m o r e  a i r  a n d  less w a t e r  w i l l  f lo w  in  t h e  p ip e  cross s e c t io n . V o id  f ra c t io n  re a c h e d  its  
h ig h e s t  v a lu e ,  1 8 .5 % , a t  6 0 ° v a lv e  o p e n in g . A t  fu l l  o p e n in g  th e  v o id  f ra c t io n  w a s  1 7 .6 % .
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Figure 6-33 Void fraction vs Qa for various butterfly opening
F o r th e  lo w e r  s ip h o n , th e  m a x im u m  v o id  f r a c t io n  a c h ie v e d  w a s  h ig h e r , 24% , a t  6 0 °  v a lv e  
o p e n in g . A t  th e  f u l ly  o p e n  p o s it io n  i t  w a s  18% . F o r th e  h ig h e r  s ip h o n , t h e  v o id  f r a c t io n  
w a s  lo w e r  a t  t h e  6 0 °  v a lv e  o p e n in g  d u e  to  t h e  w a t e r  f lo w  b e in g  r e la t iv e ly  less t u r b u le n t  
th a n  w a s  th e  c a s e  in  th e  lo w e r  s ip h o n . I t  a p p e a rs  t h a t  t h e  c lo s e n es s  o f  t h e  b u t te r f ly  
v a lv e  to  t h e  a e r a t o r  in  t h e  lo w e r  s ip h o n  g e n e r a te d  m o re  tu r b u le n c e  a n d  c a u s e d  th e  
h ig h e r  v o id  f ra c t io n s .
T h e  a b o v e  g ra p h s  s h o w  t h a t  fo r  t h e  h ig h e r  s ip h o n  th e  v o id  f r a c t io n  d e c re a s e s  w ith  an  
in c r e a s e  in  w a t e r  f lo w  r a t e .
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6.5.2 Power output calculation
P o w e r  o u tp u t  w a s  c a lc u la te d  u s in g  th e  e q u a t io n  (6 -1 1 ) :
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Figure 6-34 Void fraction vs Power output
T h e  g ra p h  in  F ig u re  6 -3 4  sho w s t h a t  th e  m a x im u m  p o w e r  o u tp u t  o f  4 5 1 .5  W a t ts  w a s  
re a c h e d  a t  fu l l  o p e n in g  w i th  a  v o id  f ra c io n  o f  18%. T h is  g ra p h  show s a  s im ila r  t r e n d  to  
t h e  re s u lts  f o r  th e  lo w  s ip h o n , i . e .  t h a t  th e  p o w e r  in c re a s e s  w i th  an  in c r e a s e  in  w a t e r  
f lo w  r a t e .  T h u s  th e  p o w e r  o u tp u t  in c re a s e s  w ith  an  in c re a s e  in  th e  v o id  f r a c t io n  u n t i l  i t  
re a c h e s  its  m a x im u m  v a lu e .  A t  h ig h e r  v o id  f r a c t io n  i t  e i th e r  re m a in s  c o n s ta n t  o r  b eg in s  
to  d e c r e a s e .
6.5.3 Efficiency
E f f ic ie n c y  o f  t h e  a e r a t io n  w a s  c a lc u la te d  b as e d  on th e  e q u a t io n  6 -1 3 .  T h e  fo l lo w in g  
g ra p h  sho w s  t h e  r e la t io n s h ip  b e tw e e n  p o w e r  o u tp u t  a n d  e f f ic ie n c y .  T h e  g ra p h  s h o w e d  
s im ila r  t re n d s  to  t h e  g ra p h  in  F ig u re  6 -3 4 ,  i . e .  th e  e f f ic ie n c y  in c re a s e s  w ith  an  in c re a s e  
in  t h e  p o w e r  o u tp u t .
148






















0.00 10.00 20.00 30.00 40.00
Efficiency (%)
Figure 6-35 Efficiency vs Power output
T h e  h ig h e s t  e f f ic ie n c y  o f  3 2 .3 %  w a s  re a c h e d  a t  f u l l  o p e n in g  w i th  p o w e r  o u tp u t  o f  4 5 1 .5  
W a t ts .  T h e  m a x im u m  v o id  f r a c t io n  a c h ie v e d  w a s  19% a t  6 0 °  o p e n in g  w ith  p o w e r  o u tp u t  
o f  2 5 8  W a t ts .  T h e  h ig h e r  s ip h o n  has a  b e t t e r  p e r fo rm a n c e  in  te r m s  o f  t h e  re la t io n  
b e tw e e n  p o w e r  a n d  e f f ic ie n c y .  T h is  is b e c a u s e  th e  p o s itio n  o f  b u t t e r f ly  v a lv e  is f u r th e r  
a w a y  f ro m  t h e  a e r a t o r ,  so t h e  in f lu e n c e  o f  th e  b u t t e r f ly  v a lv e  w h ic h  c a u s e d  v e r y  
t u r b u le n t  f lo w  is s m a lle r  th a n  in  th e  lo w e r  s ip h o n . T h is  is a ls o  e v id e n c e  t h a t  th e  
b u t t e r f ly  v a lv e  c a u s e d  a  v e r y  t u r b u le n t  f lo w ,  w i th  th e  im p lic a t io n  o f  re d u c in g  v o id  
f r a c t io n  r a t io  a n d  a  s ig n if ic a n t  o f  e n e r g y  loss.
6.5.4 Loss Coefficients in the siphon system
In  b o th  t h e  lo w e r  a n d  h ig h e r  s ip h o n s , th e  b u t t e r f ly  v a lv e s  c o n t r ib u te  m o re  h e a d  losses. 
T h e  fo l lo w in g  t a b le  s u m m a ris e s  th e  loss c o e f f ic ie n ts  w i th  a  f u l ly  o p e n  v a lu e  in  b o th  
s ip h o n  s y s te m s .
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Table 6-2 Overall K values
L o w e r s iphon H ig h e r siphon N o tes
L ow er siphon:
F ric tio n  loss 0 .3 25 0 .403 (L= 5 m , D = 0 .20 m );
P erspex bend  (2 bends) 0 .4 8 0 .4 8 6 jo in ts
Join ts 0 .3 0 0 .5 4
In le t  (sharp  edge e n try ) 0 .5 0 0 .5 0 H ig her siphon:
O u t le t  (sharp  edge e x it) 1 .0 1 .0 (L= 6 .2  m ,
B u tte r f ly  v a lv e  fu ll opening 1 1 D = 0 .20 m );  
9 jo in ts
T o ta l K 3 .6 05 3 .923
Several changes could be made to reduce losses along the pipe system:
>  Use a bell mouth inlet (K= 0.10, refer to Table 4-2- in Chapter 4 Section 4.3).
>  Use outlet diffuser (K= 0.20, refer to Table 4-2- in Chapter 4 Section 4.3)
> Use one round bend if it is possible instead of using two bends (K=0.24, refer to 
Table 6-3.
As mentioned in the previous section (section 6.3), that some improvements to the 
siphon system design was applied on the site experiment, i.e. using the bell mouth 
shape for the siphon inlet and outlet, a bigger bend radius, and no butterfly valve. With 
this improvement, the overall K values reduced significantly, i.e.:
Table 6-3 Improvement of K values
K N otes
F ric tio n  loss
Big radius bend, r /D  = 4 .6  
Join ts  (6 jo in ts )
In le t  (b e ll m outh )






L= 6 .2 13  m , D= 0 .2 0  m
T o ta l K 1.36
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From Table 6-2 and Table 6-3, we can see that the loss coefficients reduced 
significantly, from K= 3.9 to K= 1.36, or almost one third from the K value in the 
laboratory experiment. As a consequence, the reduction in K value will have an impact 
on the increase in water flow velocity.
The following is the estimation of the increase in velocity in the siphon flow. 
v= T2gH
H = v/2g + K v2/2g = v2/2g (1+K) 
v2/2g = H/(1+K) 
v = /2gH/(1+K)
For K = 3.9 -> v = 2.83 m/s.
By using bell mouth inlet and outlet and the absence of the butterfly valve the value of 
K reduced, i.e. for K = 1.36 -> v = 4.07 m/s Thus v increased by 43.8%. For v2, v2 
increased by = 20%.
Increase in water velocity will increase in water flow rate, and this will also have an 
impact on increase in air flow rate. In the Bernoulli equation, an increase in water 
velocity will decrease the pressure in the siphon:
pi g + ViZ/2  + Zi = p2g + vz2/2  + z2
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This means, it causes more air suction. Refer to Equation 6-11, the air power also 
increases proportionally with increase in air flow. Therefore, with this improvement, the 
site experiment produced more air power and also increased its efficiency.
If the v2 increased by 20%, proportionally the pressure reduced about 20%. If the air flow 
(air suction) proportionally increased with the pressure reduction in the siphon, then the 
air flow increased by 20%. Thus, the power output and the efficiency also increased 
about the same figures.
The site experiment was carried at the Yorkshire Water Treatment plant in Doncaster 
(see Figure 6-13):
6.6. Experimental Findings and Results
The following section describes and summarises the results for the pumped experiment, 
the low siphon and the higher siphon.
All three tests showed that as the water flow rate is increased the air flow rate may be 
increased, but only until the void fraction reaches a certain point and then the void 
fraction starts to decrease or a siphon break may occur.
Another finding was that an increase in water flow will increase the power output. There 
is an optimum value to produce the highest power output (See Figures 6-24, 6-25, 6-26,
6-34).
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Henser (2005) found that increasing the water flow rate caused a longer ‘void’ . This 
occurred in a segment of the vertically down pipe, from the aerator to the point where 
the bubbly zone starts. Chapter 7 will describe in more detail the flow pattern in the 
vertically down pipe.
The calculation of aeration efficiency showed that the efficiency changes according to 
the opening of the butterfly valve and also the increase in the water flow and air flow 
rates.
In the laboratory, Aeratorl reached its highest efficiency of 32.3% at full opening. These 
results were slightly better than those delivered by Bellamy (30%) and Pullen and Howey 
(10%).
On site experiment, this efficiency should be higher that this figures, because the 
designed was improved, i.e. by using bell mouth in the inlet and outlet and a bigger 
bend radius, and there was no butterfly valve.
In low siphon, Aeratorl reached its highest efficiency of 24% at 60° opening, and 
Aerator2 reached its highest efficiency of 21% at 60%, and Aerator 3 reach its highest 
efficiency of 23% at a low opening (30°).
An increase of siphon height increases the power output. Also, the effect of turbulence 
due to the butterfly valve is reduced, and this improved the efficiency, in Section 6.7 
shows a theoretical calculation analysis based on research by French and Widden (2001)
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which indicates that there is an optimum height to achieve the maximum power output 
for a given hydro power head (H).
6.7 Theoretical Calculation of Power Output
The following is a theoretical calculation based on research by French and Widden 
(2001). Using a different definition of the void fraction, they calculated the relationship 
between the power output (P) and the siphon height (yA).
According to their work:
v 2
H  = K —  + B
2S (6-13)
H is the driving head. K(v2/2g) is the total head loss in the siphon pipe (this includes the
inlet and outlet losses, joints and bends, and the friction along the pipe). B is the
buoyancy head of the air bubbles which is expressed as:
B = xA\ - I n r ' Pc
r PS (6-14)
Figure 6-36 shows the schematic diagram of the siphon systems with aeration.
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Figure 6-36 Siphon with aeration scheme
(H=potential head, B=inlet, A=Aeration, V=valve, C=bottom siphon, D=outlet, d=distance from D to 
downstream water surface, YA = height of earator)
Where:
xA = the volume ratio between air and water, 
pc = the pressure at C and 
r = the pressure ratio between point C and A.
If it is assumed that drift velocity of the bubbles (sv) is constant between point A and C, 
and that sv = 0.24 m/s (Rice, 1978 in French and Widden, 2001), then the value of the 
flow rate in the down pipe will be:
Q  =  ( v -  sv)(7tR 2)  (6-15)
Where,
v= water velocity, 
sv =drift velocity,
s = slip ratio between water and air velocity,
R = siphon pipe radius
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The power output will be:
Power =  p wgBQ
(6-16)
By substituting B and Qfrom equation (6-13) and (6-15),
P o w e r =  p wg(H  -  K  — ) ( v  -  vs) ( k R )
2 S  (6-17)
The pressures at A and C were calculated using various values of yA, i.e. from yA = 3.0 m
up to yA = 8.0m. The height of the siphon (yA) will determine the value of pressure at
point A.
In two phase flow condition:
PA=PAtm_yA PMixed § (6-18)
Pc=PAtm-d*pMixed*g (6-19)
pMixed = p w (1+0.00123 xA ) /  (1+ xA) (6-20)
Where:
pA= pressure at A
pc = pressure at C
pw= water density = 1000 kg/m3
pMixed = mixed water and air density
xA =volumetric ratio of air to water above the datum
Figure 6-37 shows the graph of power output (P) with respect to siphon height (yA) for a 
200 mm pipe diameter, with driving head (H)= 2 m for different values of the void 
fraction, a = 0.20 , 0.25, 0.27, 0.29, 0.30., and siphon height (yA) from 3 m to 7 m. It 
was assumed that total loss coefficient due to friction and other minor losses K = 0.7.
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P ow er o u tp u t 
















Figure 6-37 Power output vs siphon height for K=0.7
The above graph shows that for a = 0.25, the maximum power output is reached when yA 
= 5.5 m. The power output increases with increase of siphon height (yA) until at a certain 
height it  reaches its maximum value. It then decreases even though the yA increases. 
The graph also shows that the optimum siphon height increases with the decrease in void 
fraction, e.g. for a = 0.30, the optimum yA = 4 m, and for a = 0.20, the optimum yA is 
above 7 m.
An important conclusion that can be drawn from the graph in Figure 6-32 is that 
irrespective of the void fraction values the same maximum power is achieved. This 
shows that it is the driving head (H) that limits the value of the power output.
Figure 6-38 shows the graph of power output (P) versus siphon height (yA) for void 
fraction a = 0.25 and loss coefficients K = 0.7, 1, 2, 3, 3.9.
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Figure 6-38 Power output at a = 0.25 and various K
The graph above shows the maximum power output occurs when yA = 5.5 m, and this 
is independent of the value of K. Power output decreases as K increases. Thus 
reducing K does increase the power output as would be expected since the energy 
loss is reduced.(See Table 6-3).
60° valve opening.
Figure 6-39 shows the relation between the power output and the siphon height at a = 
0.20. It is seen on the graph, a higher K values (K= 3-3.9), the maximum power out 
achieved at an optimum siphon height and the power output remains constant even 
though the siphon height is increased.
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Figure 6-39 Power output at a = 0.20 and various K
The following graph (Figure 6-40) shows how changing the pipe diameter and thus 
increasing the flow rate w ill affect the power output. Theoretical calculation shows that 
a bigger diameter for the same height of driving head (H= 2 m) w ill produce a bigger 
power output. The graph is similar to that in Figure 6-37, showing there is an optimum 




- ■ - P ( k W ) ,
a=0.29

















Figure 6-40 Power output vs siphon height
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6.7.1 Comparison between theoretical and experimental results
The following tables give a comparison between some experimental results and the 
theoretical calculation from the work of French and Widden (2001). The experimental 
results are those using the driving head = 2 m, siphon height (yA) = 3.5 m for low siphon, 
and 4.7 m for the higher siphon.
Table 6-4 Power output: Low siphon vs Theoretical calculation
Aeratorl Aerator2 Aerator3 Theoretical calculation









Table 6-5 Power output: High siphon vs Theoretical calculation
Aeratorl Theoretical Calculation
451.5 Watt 560 Watt
a= 0.18, full opening a = 0.20
K= 3.9 K= 3.9
yA = 4.7 m yA = 4.7 m
The experimental results show a lower value when compared with the French and 
Widden work (2001). This difference can be explained as follows:
Theoretical formulation used by French and Widden did not include the losses 
due to the aeration process, namely;
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1) Pressure loss due to bubble formation and detachment
2) Pressure loss due to bubbly flow development, or the presence of ‘void’ . 
(Henser, 2005)
6.8 Conclusions
Several points can be drawn from this experiment:
6.8.1 Low siphon
1) The highest void fraction of 24% was achieved using Aeratorl at 60° valve 
opening. Aeratorl achieved its highest power output of 254.2 Watts at 80° valve 
opening.
2) The highest power output, 267.5 Watts, was achieved using Aerator2 at 80° valve 
opening.
3) The highest efficiency of 24% was achieved using Aeratorl at 60° valve opening.
4) The highest efficiency did not occur when the highest power output was 
achieved.
5) The highest void fraction reached did not coincide with the highest power 
output.
6) Overall Aeratorl gave a better performance in terms of producing the highest 
void fraction, power output and efficiency.
6.8.2 Higher siphon
In the higher siphon using Aeratorl with spiral spargers:
1) The highest void fraction of 19% was achieved at full opening.
2) The highest power output, 451.5 Watts, was achieved at full opening
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3) The highest efficiency of 32.3% was achieved at full valve opening.
4) The highest void fraction did not occur when the highest power output was 
achieved.
Overall the higher siphon produces a higher power output and a higher efficiency, but a 
lower void fraction compared to the low siphon.
Overall efficiency could be improved if the losses could be reduced.
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Chapter 7 
Qualitative Analysis of Flow Pattern
7.1 Introduction
This chapter discusses qualitatively the flow pattern of the two phase flow that results 
from the aeration. It analyses the air flow around the nozzle of the spargers, and the 
flow pattern of the mixed flow in the down pipe of the siphon.
As stated in Chapter-3 the spargers were designed with the aim of producing a 
homogenous bubbly flow in the end pipe section (below the spargers). When achieved, 
this type of flow is more likely to maintain a stable continuous flow that has a high void 
fraction. Thus more air is being drawn in and so a higher power output occurs, the latter 
being the real objective of this investigation.
7.2 Observation close to the Sparger holes
The following figures show the flow patterns. The pictures in Figure 7.1 show the 
pattern that occurred when the air exited from only one hole of the sparger at a very 
low flow rate.
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Figure 7-1 Air exits from one hole of the spargers
The white arrow in Figure 7-1 a shows the top hole of the sparger. It can be seen in 
Figure 7-1 b and 7-1 c that it did not always form a single bubble. There could be bubble 
pairing (see Figure 5-8, in Chapter 5). The water flow detached the coalesced bubbles 
downward, breaking them into a combination of single bubbles, and coalesced bubbles 
in irregular shapes.
Figure 7-2 shows the development of the flow pattern around the nozzles starting with 
only one hole and continuing until all the sparger holes are operating.
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Figure 7-2 Air exits from the spiral spargers




Figures 7-2a to 7-2f show how air was entering the siphon. At the beginning, it started 
with the top hole operated. A small bubble or bubble pairing very quickly detached from 
the nozzle and flow downwards and then disintegrated into smaller bubbles of varying 
size and irregular shape. Gradually, when the air flow rate increased, the lower holes
165
Chapter 7 Qualitative Analysis of Flow Pattern
started operating. It was no longer a small single bubble detached from the nozzle, 
instead, it formed a jet of air flow (Figure 7-2b -7-2d).Eventually all the holes operated 
and form a cone of air low surrounding the aerator tube. The air flow also rotated and 
swung on the way down.
At a very high air flow rate, the flow became fully turbulent. An air cone formed 
surrounding the copper pipe of the Aerator (Figures 7-2e Figure 7-2f). The air cone 
diameter increased with an increase in the air flow jate. At the bottom of the aerator, 
the air cone detached and a vigorous swirling motion occurred.
Yang et al (2001, page 2003-2004) reported that ‘it remains unclear that how and to 
what extent, the different forces acting on the gas bubble alter the behavior and 
characteristics of the bubble growth and detachment on vertical surfaces, compared to 
that of the bubbles on horizontal surfaces’.
When the air flow rate increased, the air exited from more holes of the sparger until it 
looked like a stream of air (shown by the white arrow in Figure 7-3).
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Figure 7-3 Air stream exits from the spiral spargers
7.2.1 Observation at 60° valve opening
There are two types of sparger configuration, i.e. straight line spargers, and spiral 
spargers, each type creating different flow patterns. The spargers are located just below 
the pipe bend, the inner side of the bend being located above and on the le ft side of the 
photos.
Figure 7-4 shows the flow pattern around the straight line spargers of Aeratorl for air 
flow rates from 200 l/m in to 400 l/m in with a 60° butterfly valve opening. As the air 
exited from the holes of the sparger it formed a cone shape that moved towards the 
right side of the pipe. This happened because the water pressure on the inside of the
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bend (the le ft side in the figures) is lower than the pressure on the outside. The cone 
got larger as the air flow rate increased. Eventually it  touched the pipe wall (blue 
arrows) on the outside of the bend (right side). When this happened it  indicated that 
very soon the siphon would break.
280 l/min





360 l/min 400 l/min
_________
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Figure 7-5 shows the flow patterns around a spiral sparger at a 60° butterfly valve 
opening in the copper pipe. It moves away from the pipe and becomes detached. It then 
continues revolving in the siphon pipe before breaking into a bubbly flow.
200 l/min 240 l/min
280 l/min
320 l/min
360 l/min 400 l/min
Figure 7-5 Air exits from the spiral spargers
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These patterns are similar to those from a straight line sparger. As seen, the air exits 
the sparger holes in the form of air jets. These accumulate and form a conical shape 
that looks symmetrical. The cone oscillates and rotates around the copper pipe as it 
moves downward, and gradually detaches from the lower part of the pipe. When it is 
completely detached it continues revolving before breaking into a bubbly flow.
In the spiral hole configuration the air flow seems to move downwards faster than it 
does for the straight line sparger. The cone takes longer to expand and touch the siphon 
pipe. Thus flow does not form a break so quickly. This observation is consistent with the 
test results that showed, both in the lab and on the site, that the spiral sparger achieved 
a better result.
It is still similar to the straight line one. In a spiral sparger air exited from the sparger 
holes in the forms of je t air and accumulated and formed a cone shape. By eyes it 
looked relatively symmetrical and created a wavy air flow rather than curly flow as seen 
in the straight line spargers. The air cone swung and rotated around the copper pipe and 
moved downward, and gradually detached at the lower part. When it completely 
detached it started to swirl in the down leg pipe, and gradually broke into smaller 
bubbles and eventually created a bubbly flow zone.
The spiral holes configuration helped the air flow moving downward faster compared to 
the straight line spargers. In the spiral spargers the air also swings around the copper 
pipe and is more dynamic than in the straight one.
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Similar to the straight line spargers, when the air cone started to touch the pipe wall of 
the outside bend, it pushed the water upward, moving back to the siphon inlet 
direction. At this stage, it was a sign that the siphon would break very soon.
Since the tendency of shifting to the outer bend was reduced in the spiral sparger (see 
Figure 7-5), this means that it would delay the air cone touching the wall. As we 
understand that when the air cone touches the wall it will trigger the siphon break, so it 
is good to produce a relatively symmetrical air cone rather than it is heavy to the right 
side. That is why a spiral sparger produces more of an air flow rate.
7.2.2. Observation at full opening
Figure 7-6 shows the flow pattern around the straight line spargers when the butterfly 
valve was fully open and with high air flow rates ranging from 5001/min to 620 l/min.
They demonstrate that the air cone around the sparger becomes larger with the increase 
in the air flow rate. The air cone was seen to rotate rapidly around the sparger and 
tended to shift to the right side (outer bend) of the pipe due to centrifugal force (white 
arrows).
The butterfly valve on the horizontal segment of the siphon has created what is called a 
“Karman Vortex Street” (Fig. 7-7) downstream of the valve. As the velocity of the flow 
increases the effect of these vortices becomes magnified. This causes very unstable flow 
patterns (Wood and Clark, 1988).
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500 l/min 540 l/min
580 l/min 620 l/min
Figure 7-6 Flow pattern around the straight line spargers - full opening
The presence of equipment that generates such flow would be very detrimental to the 
establishment of conditions suitable for a bubbly flow as well as causing additional 
energy losses.
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K a r m a n  V o rtex Street: Exper im en t
Flow direction 
Sources: http://www.simerics.com/ gallery_vortex
Figure 7-7 Karman Vortex Street
The pictures in Figure 7-8 show the pattern of aeration at 620 l/min flow with a fully 
open valve.
The air flow direction of the air cone bubble is shown by the white arrows. The 
movement of the outer edge of the cone towards and away from the right side of the 
pipe is readily observable. If the cone touches the pipe it can create the conditions for a 
siphon break. This is discussed below.
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Figure 7-8 Aeration sequences - full opening -straight at 620 l/min
7.3 Observation when the siphon breaks
The siphon breaks at a high air flow rate when the air cone starts to touch the wall of 
the outside bend of the pipe (Figure 7-9-1). It then extends up the pipe wall (shown by 
the blue arrows in Figure 7-9-2). Next the cone touches the aerator pipe (white arrows) 
and creeps up (Figure 7-9-3). Eventually, the whole aerator is covered by a cloud of air
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which extends towards the siphon inlet and a break occurs. (Figure 7-9-4 to 7-9-6).
Figure 7-9 Sequence when the siphon breaks
Another sign when the siphon is in critical condition, i.e. to the direction of breaking 
was that the pendulum of the rotameter fluctuated up and down, instable. This would 
trigger the instability inside of the siphon around the aerator, as indicated the air cone
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touched the outer bend siphon wall. In this situation, the air flow must be reduced by 
adjusting the rotameter valve opening slightly, so that the pendulum was stable again.
The sign that the siphon broke was also identified when the water level in the top tank 
increased. This was because the water velocity in the siphon dropped and then 
eventually the siphon flow stopped, whilst the water from the bottom tank was still 
pumped to fill in the top tank.
Therefore, in order to keep the siphon flow continuously, we have to control the 
position of the water level of the top tank, to maintain it in the stable position. The 
same thing with the rotameter pendulum, need to be maintained in a stable position, 
not fluctuated wildly to prevent the air surrounding the aerator not touching the pipe 
wall.
Observation showed that care needed to be taken so that this critical situation did not 
occur in the higher siphon (yA= 4.7 m) when the airflow rate increased to values greater 
than 600 l/min and in the lower siphon (yA= 3.5 m) when air flow rate increased to 
values greater than 500 l/min.
Figure 7-10 shows more patterns of the siphon break. The blue arrows show the back 
water and air flow to the direction of the siphon inlet.
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Figure 7-10 Sequence when the siphon breaks
7.4 Flow Pattern in the Down Pipe
Figure 7-11 shows the flow pattern for the 100 l/m in air flow rate in the down pipe of 
the siphon. The flow pattern changes along the pipe. Figure 7-11 a, b, and c.
The flow pattern looks like a cloud of coalesced bubbles around the exit holes of the 
spargers. The entering air created a je t stream and formed a cone shape shown by a
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white arrow (A). Once it detached from the aerator, it coalesced into large bubbles and 
then gradually broke into smaller bubble sizes (B). Eventually it formed a bubbly flow 
(C). This was relatively homogenous and uniformly dispersed along the pipe cross 
section. The bubble size in the bubbly zone was estimated to be approximately 5-6 mm.
At this air flow rate, the bubbly flow occurred 60 cm below the top hole of the sparger. 
The bubble concentration increased along the down flow (see Figure 7-11: d, e, and f). 
The white arrows with (D) symbols show that not all of the pipe cross section filled with 
bubbles. This indicates the presence of circulation and a spiral turbulent flow due to the 
bend and the butterfly valve.
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Figure 7-11 Flow pattern -100 l/min aeration 
179
Chapter 7 Qualitative Analysis of Flow Pattern
Figure 7-12 shows the flow pattern with a bigger air flow rate, i.e. 600 l/min. As the 
flow rate was increasing, the cloud of coalesced bubbles were continuing flowing 
downward further and it gradually disintegrated into smaller bubbles in various size 
further down, below the platform. Along the down leg pipe, the mean diameter of the 
bubbles decreased. This is because at the lower part of the down leg pipe, the pressure 
is higher than the upper part. This pressure compresses the air bubbles. Aissa et al have 
carried out an experiment using various air tube length and diameter to find the bubbles 
mean diameter along the down pipe which showed a similar result.
Yet, because the air flow was turbulent and caused the swirling and spiral motion 
downwards, we could not treat the bubbles as individual entities. That is why it is 
difficult to model the turbulent regime reliably (Buyevich and Webbon,1996).
Similar to Figure 7-11, the flow pattern started as a cloud of coalesced bubbles around 
the nozzles of the sparger. This formed an air jet that transformed into a cone as shown 
by a white arrow (A). After the coalesced bubbles were completely detached from the 
nozzles they moved downward (Arrow B).
Gradually they broke into individual smaller bubbles (white arrow C) in various shapes 
and sizes. In the bubbly zone, the single bubble size ranged between 4.5 mm and 7.5 
mm of diameter in an irregular oval shape rather than a sphere. Because of the swirling 
motion of the flow it was not possible to track individual bubbles.
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Figure 7-12 Flow pattern - 600 l/min aeration
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From Figure 7-11 and 7-12 it can be concluded that the length required to change from 
the coalesced bubble pattern (slug or churn flow) into relatively homogenous bubbly 
flow varies according to the magnitude of the air flow rate. The higher the air flow rate 
the longer the transition length needed to affect this change.
Hasan (1995) reported that the transition between bubbly flow and slug flow in an 
upward vertical pipe occurs at a void fraction, a = 0.25. He proposed that the same 
criteria could apply to downward flow as well.
Similar flow patterns were also found in Aerators 2 and 3. In the upper part of the down 
pipe and the siphon there was an accumulation of coalesced bubbles. Going downward, 
the coalesced bubble size was smaller and eventually these broke into single bubbles 
and created a bubbly flow pattern (See photographs in Appendices C1 - C4).
7.5 Findings and results
It was stated in the Chapter 3 the major objective of this investigation was to design an 
Aerator with a lot of small holes that would create a bubbly flow in the siphon. 
Observation showed that spargers with 3 mm diameter holes could not immediately 
create a bubbly flow pattern. There was a transition of the flow pattern from the upper 
part of the down pipe to the bottom part. The flow started as a cloud of air. This 
changed into a slug, or churn flow when the air flow rate was high, or wispy flow in a 
high mass water flow rate, and eventually into bubbly flow.
In the bubbly flow regime, it was not possible to track the bubbles as individual entities 
because the swirling motion due to the turbulence and the vortex motion.
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Thus, in a sparger, holes of 3 mm diameter are not small enough to create a bubbly flow 
pattern.
Creating a smaller bubble size can be achieved by reducing the diameter of the holes 
(Bhunia et al, 1998; Aissa et al, 2010), because smaller holes produce smaller bubbles 
which are easy to be detached by the liquid drag force. With smaller diameter holes the 
number of holes must be increased so that the total opening area is the same as the 
cross section area of the copper pipe.
However, reducing the hole’s diameter to a smaller size may cause more pressure head 
loss (see Chapter 5) and a reduction in power output.
Proposed changes in the design to achieve more aeration will be supplied in Chapter 8.
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Chapter 8 
Conclusions and Recommendations
The main contributions of the present works towards low head hydro power using 
aeration i.e. based on conversion from water to air pressure are summarised here. It is 
then followed by suggestion on future research directions based on the findings obtained 
from this study.
8.1 Conclusions
This research established the following results.
>  In the laboratory, with relatively high overall coefficient (K = 3.9) in the pipe 
system due to the restricted space, it is possible to harvest above 30% of the 
energy available at a low head hydro site. On site experiment, with some 
improvement, i.e. using bell mouth inlet-outlet, large bend radius, and no 
butterfly valve, the K reduced significantly up to one fourth (K=1). This increased 
power output as well as efficiency. This is a marked improvement over previous 
research findings.
>  The copper tube spargers with the holes cut in a spiral pattern along the pipe 
performed the best.
>  There is a specific combination of siphon height (yA in the above material) and air 
flow rate that gives the best result. This finding from a full scale experimental 
rig is consistent with the theoretical research accomplished by French and 
Widden (2001)
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> It is very difficult to produce the bubbly flow pattern (considered to be ideal for 
this process) when 3mm diameter sparger holes are used in the aerator. The lack 
of this flow regime is considered to be a major reason why at low siphon, the 
highest power output was not achieved at the highest void fraction.
>  Any part of the equipment that contributed to producing more turbulence in the 
flow (e.g. the butterfly valve) should be removed or modified.
>  The aeration process would improve the water quality down stream of the siphon 
as it would add oxygen to the water.
>  If larger pipe sizes were used the siphons may provide a passage for fish 
migration. The presence of the sparger pipe may be an obstacle to fish 
movement in smaller diameter pipes.
8.2 Recommendations for future research
It is recommended that further investigations incorporate the following features.
> Sparger orifice holes of 3 mm diameter (or less) should be used, and the total 
cross-sectional area of these holes should be at least 20% than the current 
aerator design. Since the total area must be equal or less than the area of the 
nozzle, the nozzle diameter needs to be increased 20% or more.
>  Any future experimental rig should be like that in Fig 8.1 but with the following 
modifications - all of which are designed to reduce the turbulence level in the 
flow.
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Figure 8-1 Siphon system
(Ha= driving head, S=siphon, A= aerator, B= inlet, C= outlet, W = weir, yA= aerator height)
Bell mouth entry at B and C
(a) Pipe diameter from B to A to be 300mm
(b) A 300mm length (A to A^ of conical pipe section, reducing in diameter from 
300mm to 200mm
(c) A 300mm length of 200mm diameter pipe from the section A^  to A2. This 
section of the pipe to be where the sparger is located.
(d) A second conical section, 500mm in length and expanding from 200mm to 
300mm from A2 to A3
(e) The remainder of the pipe to be 300mm in diameter, exiting in a bell mouth
(f) The sparger pipe to enter the siphon at point A3 and project upwards against 
the flow rather than enter it as in the current system.
(g) The water flow rate should be set flexibly according to the upstream water 
level rather than using a butterfly valve.
(h) The height of the aerator (yA) should be the optimum height, referred to the 
theoretical calculation based on French and Widden (2001). See Chapter 6.7.
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The suggested modifications would introduce a ‘Venturi Type Throat’ into the pipe. The 
diameter of this will control the flow velocity making it less than would occur if all the 
pipe is 300mm diameter. This will reduce the head loss which is a function of the 
velocity squared. Placing the sparger pipe in this location will reduce the turbulence it 
would create if placed where it had been for this project. Figure 8.2 show in more detail 






Figure 8-2 Venturi around aerator
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A.2 Loss in straight Perspex pipe
L = 0 .8m  D-0.20  m
v= 0 .0 000 01  m /s2 at 20°C
M an o m ete r
Reading 1 Reading 2 A Hf (m ) over V-notch Q  m 3/s V  (m /s )
R e f1/2 =
(D 3/2/V )  (2gHf/  L)1/2
mm mm cm
460 490 0.030 28 0.0573 1.8232 76720
460 490 0.030 76720
460 490 0.030 76720
0
460 480 0.020 27 0.0525 1.6720 62642
460 480 0.020 62642
460 480 0.020 62642
0
468 485 0.017 26 0 .0488 1.5525 57753
463 480 0.017 57753
463 480 0.017 57753
464 480 0.016 25 0.0443 1.4092 56029
464 480 0.016 56029
464 480 0.016 56029
463 478 0.015 24 0 .0400 1.2739 54249
463 478 0.015 54249
460 475 0.015 54249
461 474 0.013 23 0 .0360 1.1465 50503
461 475 0.014 52410
461 475 0.014 52410
462 473 0.011 22 0 .0320 1.0191 46456
462 474 0.012 48522
462 474 0.012 48522
460 470 0.010 21 0.0286 0.9108 44294
460 470 0.010 44294
460 470 0.010 44294
460 468 0.008 20 0 .0246 0 .7834 39618
199
460 468 0.008 39618
460 468 0.008 39618
462 467 0.005 19 0 .0217 0 .6911 31321
462 467 0.005 31321
462 467 0.005 31321
462 465 0.003 18 0 .0194 0 .6162 24261
462 465 0.003 24261
462 465 0.003 24261
461 463 0 .002 17 0 .0170 0 .5 414 19809
461 463 0.002 19809
461 463 0 .002 19809
461 462 0.001 16 0 .0144 0 .4586 14007
461 462 0.001 14007
461 462 0.001 14007
460 461 0.001 15 0.0123 0 .3917 14007
460 461 0.001 14007
460 461 0 .001 14007
459 460 0.001 14 0 .0104 0 .3312 14007
459 460 0.001 14007
459 460 0.001 14007
458 459 0.001 13 0.0086 0 .2739 14007
458 459 0 .001 14007
458 459 0 .001 14007
200















opening bar N/m2 m bar N/m2 m m
20 0.300 30000.00 3.06 0.22544 22544.00 2.30 2.2915 166.1
30 0.290 29000.00 2.96 0.21544 21544.00 2.20 2.1840 86.3
40 0.270 27000.00 2.75 0.19544 19544.00 1.99 1.9700 42.3
50 0.235 23500.00 2.40 0.16044 16044.00 1.64 1.5983 20.5
60 0.180 18000.00 1.83 0.10544 10544.00 1.07 1.0245 9.7
65 0.150 15000.00 1.53 0.07544 7544.00 0.77 0.7102 5.8
Q water V v2/2g
Friction






8.500 0.271 0.014 0.0016 0.0033 0.0017
15.60 0.497 0.025 0.0030 0.0061 0.0030
28.70 0.914 0.047 0.0055 0.0112 0.0056
48.00 1.529 0.078 0.0091 0.0187 0.0093
65.00 2.070 0.106 0.0123 0.0253 0.0127
75.30 2.398 0.122 0.0143 0.0293 0.0147
Total loss = (v2/2g) (Kf + KB + Kj + Kbut)
Butterfly loss = Pressure gauge reading - static pressure difference 
(Pa-Pb)
(Pa-P b)= 1000x9.8x0.76 = 7455.6 N/m 2= 0.07456 bar
Barometer = 755 mmHg
100628.5888 N/m2 
1.006285888 bar
1 bar = 10A5 N/m2 
1 bar = 750.2838 mmHg 
Y=pg=1000*9.81 N/m3




L= length between manometer reading 
66+95+20=180 cm = 1.80m 
D=pipe diameter 
= 0.20 m
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